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Preface

The increasing demand of plastic commodities resulted in their mass production
worldwide. The accumulation of the used and thrown away plastics over land and
water bodies has contributed to plastic pollution. The past few decades witnessed a
steep increase in the total quantity of plastic debris that has affected the eco system
badly. Photo degradation is considered as an ecofriendly and cheap method that could
be employed for the demolition of such plastic debris. The disadvantage of photo
degradation is that, it is a slow process. Application of suitable methods to accelerate
the photodegradation process is our research problem. Photodegradation can be
enhanced in the presence of photocatalysts. The entire thesis reports the studies
conducted in order to accelerate the rate of photodegradation of polystyrene (PS)
using different photocatalysts, under controlled ultraviolet (UV) radiation. The
mechanical, electrical and thermal properties of the PS-photocatalyst composites are
also studied. Nano TiO2 has been chosen as the core photocatalyst for the degradation
of PS considering its efficiency, non-toxicity, photostability, low cost and ease for
synthesis. The full-fledged photocatalytic efficiency could not be exhibited by this
semiconductor metal oxide due to its faster charge recombination. Modification of
TiO> using suitable photosensitizers can alter its surface chemistry, resulting in better
charge separation, thereby improving its photocatalytic efficiency. In addition to Nano
Ti0,, we have also studied the photocatalytic efficiency of ZnO and modified ZnO for
the degradation of PS under UV radiation.

The thesis as a whole is divided into eight chapters. A general introduction along with
the literature review of PS chemistry, TiO;, surface modified TiO> and ZnO are

discussed in chapter 1.

The preparation of PS and PS-photocatalyst composite specimens for their
photodegradation studies is explained in chapter 2. PS and PS composite sheets
prepared by solvent casting methods were subjected to controlled UV irradiation
using a UV tube of power 30 W, emitting UV radiation of wavelength 253 nm. All the
specimens were irradiated for a total time period of 1000 hours and monitored at
regular intervals of 200 hours, using various analysis techniques. The monitoring
techniques included gel permeation chromatography, FTIR and UV spectroscopies,

SEM, weight loss measurements etc. Specimens were also moulded for the



determination of electrical and mechanical studies as per ISO standards and these
specimens were also subjected to UV irradiation. Electrical properties studied include
the break down voltage (BDV) and dielectric constant. The mechanical properties
included measurement of tensile and flexural strength. Thermo gravimetric analysis
(TGA) of the specimens was also conducted. All these studies were conducted for the

non-irradiated as well as UV irradiated PS-composite specimens.

The synthesis and characterization of TiO> and ZnO photocatalysts are described
in chapter 3. Nano TiO: has been synthesized by sonication assisted sol-gel technique.
ZnO has been synthesized by three different methods- sonication assisted
precipitation, hydrothermal method with uncontrolled hydrolysis and hydrothermal
method with controlled hydrolysis. ZnO nanospheres obtained via hydrothermal
method with controlled hydrolysis were used as photocatalyst. A comparison of
photodegradation of PS in the absence and presence of TiO2 and ZnO photocatalysts
were studied under UV radiation. A possible mechanism was proposed for the UV

initiated photodegradation of PS in the presence and absence of TiO> and ZnO.

Chapter 4 describes the study of photodegradation of PS in the presence of TiO2
and ZnO modified by graphene oxide (GO) photocatalyst. The synthesis and
characterisation of GO by modified Hummer’s method and the preparation of GO-
modified TiO> and ZnO by sonication assisted hydrothermal method are discussed.
Different sets of TiO2-GO and ZnO-GO composites were prepared with varying
percentages of GO. The interaction of GO with TiOz or ZnO is investigated. All these

photocatalysts were loaded into the PS matrix whose photodegradation was studied.

Chapter 5 deals with the study of photodegradation of PS using polyaniline
(PANI) modified TiO, and ZnO as photocatalysts. Polyaniline has been synthesised
by chemical oxidative polymerization. TiO2-PANI as well as ZnO-PANI composites
were also developed by chemical oxidative polymerization method where insitu
polymerization of aniline was done over the surface of dispersed TiO» or ZnO
particles. The mole percentage of aniline was varied in order to obtain TiO-PANI/
ZnO-PANI composites of different composition. The interaction between TiO2/ZnO
with PANI is also investigated.



The role of a few benzophenone derivatives and tryphenylmethane dyes as
photosensitizers for the degradation of PS is discussed in chapter 6. The
benzophenone derivatives chosen as photosensitizers were 4-methoxybenzophenone
2-hydroxy-4-methoxybenzophenone, 2-chlorobenzophenone, 4-nitrobenzophenone
and benzophenone itself. The dye photosensitizers included malachite green and
methyl blue. Photodegradation of PS was studied by loading these photosensitizers
directly or in coupled state with nano TiO>. The mechanism of photodegradation of

PS in the presence of these photocatalysts is discussed.

Photodegradation of PS catalysed by metal doped TiO: is discussed in chapter 7.
TiO, was doped with Cu, Fe and Ag separately. The mole percentage of the dopant
metal used was varied in order to obtain TiO2-metal photocatalysts of varying
composition. The phase change occurred in TiO> a result of increasing metal
percentages is discussed. The mechanism of improved photocatalytic efficiency of

metal doped TiO», for the photodegradation of PS is also discussed.

The entire work is summarised in chapter 8. The possible application of PS-
composites that depends on the type of photocatalysts loaded is discussed. The
significance of the work along with its environmental friendliness and future scope is

also discussed.
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Chapter 1

Introduction and Review of Literature

1.1 A glimpse into the polymer history

Human beings have been enjoying the benefits of polymer materials since 1600
BC when Mesoamericans processed natural rubber for their specific uses. They
moulded several materials ranging from bands to sculptures using natural rubber!.
Human beings have been experimenting on various natural resources for developing
rubbers, resins and waxes for their uses. 19™ century witnessed some advances in the
polymer chemistry with the invention of vulcanized rubber in 1839 AD by Charles
Goodyear by heating natural rubber with sulphur at 132°C2. Polystyrene was
discovered by Eduard Simon in the same year. In 1907, a Belgian-American chemist
named Leo Baekeland condensed phenol with formaldehyde and developed phenol
formaldehyde resin most commonly called bakelite. It is hard and used as insulators in
electrical appliances even today especially in switch boards. The new era of polymer
technology began in 1922 when an Austrian-American Chemist Herman Francis Mark
proved that polymers are made up of macromolecules instead of aggregations of small
molecules. This was very much in support to the ideas of the German Chemist
Hermann Staudinger. Staudinger published a paper in 1920 titled as “Uber
Polymerisation” based on the modern polymer theories®. During the 19" century
many classes of polymers were synthesized and developed which found applications
in various sectors replacing wood, metals, stones, bones, glasses etc. Polymers
including polystyrene (PS), polycarbonates (PC), polyvinyl chloride (PVC),
polypropylene (PP), polyphenylene oxide (PO), polyesters (PES), acrylonitrile-
butadiene-styrene copolymer (ABS), polyurethane (PU) etc., were commercialized
during the 19" and 20™ centuries*. Polymers were classified as natural, synthetic and
semi-synthetic based upon their origin. Development of new types of polymers further
widened their classification based on their structures (linear, branched and cross-
linked), mode of polymerization (addition and condensation polymers), molecular
forces as (elastomers, thermosetting plastics, thermoplastics and fibers) and so on.

Polymers with the property of plasticity were in good demand. Such polymers began
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to be known as “plastics” in general. Plasticizers were developed which enhanced the
properties of some rigid plastics. The so called plastics exhibited superior properties

compared to other materials where ever it was applied.

The past few decades witnessed a steep rise in the amount of plastics consumed by
the humanity. The global plastic production which was estimated to be around 2
metric tons in 1950 increased to 7300 metric tons in 2015. 92% of the plastics ever
made include PE, PP, PVC, PS, PET, PU etc. These plastics are very much in demand
for construction works, packing and so on’. The demand of polymer plastics are still

increasing in such a way that we are unable to think of a world without them.

1.2 Polystyrene (PS)

n

Polystyrene

Polystyrene (PS) could be considered one of the most widely used polymer
material meeting the needs of human society in the form of various commodities®’.
Styrene monomer units polymerise to form a colourless thermoplastic resin - PS
whose tacticity depends upon the mechanism adopted or catalyst used in the
polymerisation process. The wide use of PS in industries, constructions, packing,
automobiles and common house hold goods began when PS was commercialised in
1930s after its accidental discovery by Eduard Simon (German apothecary) in 1839.
In order for PS to be useful commercially, its weight average molecular weight (M)
should be ten times its chain entanglement molecular weight (M,). Like most other
polymers, the mechanical properties (tensile, flexural, impact etc.) of PS depends very
much on M,,. PS having M,, lesser than M, has not much industrial significance as it
remains just in white powdery form that cannot be moulded into desired commodities
or useful parts owing to its week mechanical properties. The M, of PS is ~18100 and

hence PS with M,, lesser than this value is not used 5.
1.2.1. Tacticity in PS and its significance

The orientation of phenyl rings in PS chain determines its tacticity. If the phenyl

rings are arranged in the same side of the chain we have isotactic PS (Figure 1.1).
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Alternate arrangement of phenyl groups result in syndiotactic PS. Random

arrangement of phenyl groups give atactic PS.

Atactic Isotactic Syndiotactic

Figure 1.1. Illlustration of tacticity in PS

The commercially produced general purpose polystyrenes (GPPS) are atactic.
They are amorphous in nature and hard. Free-radical polymerisation results in atactic
PS. The glass transition temperature (Tg) of atactic PS is around 100°C. Isotatic PS is
not produced commercially. They are more crystalline compared to atactic PS. They
are prepared by coordination polymerisation (Ziegler-Natta type) using stereospecific
catalysts such as TiCl; activated by triethylaluminium. They melt at a temperature
around 240°C'°, Even though the catalyst used for the preparation of isotactic PS was
reported in 1986!!, they are not produced due to their commercial insignificance. The
reason for this is their slow crystallisation and difficulty in preparation (compared to
atactic PS and syndiotactic PS). Syndiotactic PS is also crystalline with Tg around
270°C!°. The method of preparation of sydiotactic PS also involves polymerisation
using Ziegler-Natta type catalysts. Soluble complexes of titanium combined with
alkyl aluminium (say (n°-CsHs)TiCls with methylaluminoxane (Al(CH3)xOy)n) gives
syndiotactic PS. Crystallisation of syndiotactic PS is relatively fast. This type of PS is
also not produced commercially (however some industries produce syndiotactic PS

for special purposes).

Soon after the discovery of isotactic PS by Natta (1955), studies regarding the
stereospecific process of PS preparation was put into practice!?. Several authors have
reported articles related to the determination of tacticity of PS through various
techniques. NMR spectroscopy was an important tool used to determine the tacticity

of PS during those days. The NMR proton chemical shifts could be accessed in order
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to determine the tacticity of the PS chain. Even though separate peaks corresponding
to a-proton of isotactic PS have been identified, attempts to resolve this peak from
that of other protons of the polymer remained almost impossible. In 1962, Brownstein
et al. resolved the a-proton of PS by deuteriating the B- protons and hence nullifying
the spin-spin coupling of the chain by which isotactic, syndiotactic as well as
heterotactic PS could be distinguished!®. In order to minimise the solvent effect
Brownstein and co-workers used benzene as solvent. Benzene solvent unlike other
solvents maximised the chemical shift of a-protons. Separate peaks corresponding to
a-protons of isotactic, syndiotactic and heterotactic PS were identified. Bovey et al.
(1965) reported that the 'H NMR signal of methylene proton of atactic PS appeared as
a broad resonance!®. Heatly and Bovey (1968) showed that the 'H NMR signal of
methylene proton of isotactic PS appeared as distinguishable non equivalent peaks'®.
Matsuzaki et al. (1974) reported that signals of methyl protons showed a chemical
shift in the order isotactic>atactic>syndiotactic PS towards higher magnetic field in
their '"H NMR spectra 6. In 1986, Ishihara and co-workers studied the stereoregularity
in syndiotactic PS through XRD, '"H NMR, '*C NMR and IR spectroscopy''. The 'H
NMR and '*C NMR spectra made it easy to distinguish between the PS of different
tacticity just by observing the chemical shifts and splitting patterns of the peaks. IR
spectra of syndiotactic PS as reported by Ishihara et al showed the absence of helical
conformation of PS chain, as reported earlier in the case of isotactic PS by Tadokoro
et al. (1961)!7. Even though several authors have studied the NMR spectra of PS 182!
the assignment of methylene carbon of PS backbone faced a big divergence in opinion
until in 1996 Cheng and Lee deconvoluted the broad overlapped resonance of
methylene carbon assisted by computer analysis??. With the development of various
analytical tools the characterisation of tacticity of PS became much easier. Lots of

articles were published on this topic recently and many works are in progress.

Tacticity of PS has a lot to tell about the physical and chemical properties of PS.
Researchers worldwide have studied the dependence of tacticity of PS in its chemical
and physical properties. Several authors including Tan et al. (1983)?*, Clark et al
(1983)*, Gan et al. (1985) * and Gan et al. (1986)*¢ studied the gelation property of
atactic PS. Even though polymers that have appreciable crystallinity or stereo regular
sequence are the only ones that are supposed to exhibit gelation, the contrary has

taken place in the case of amorphous PS (by showing gelation property). The problem
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was solved in 1987 by Jeanne Frangois and co-workers who studied the phenomenon
of gelation of atactic as well as isotactic PS in CS; and reported that gelation observed
in the solution of amorphous atactic PS was due to the presence of certain amount of
syndiotactic sequence in it*’. David et al. (1973) reported that the fluorescence yield
increased with crystallinity of PS at room temperature. The excimer fluorescence
followed the order isotactic crystallised>isotactic amorphous>atactic oriented>atactic
amorphous?®. Chen et al. (2003) compared the thermal stability of atactic, syndiotactic
and isotactic PS and concluded that isotactic PS exhibited far better thermal stability
compared to the other two. Higher activation energy required to degrade isotactic PS,
supported by restricted molecular mobility explained this observation?’. The
viscoelastic property of isotactic PS was found to be lower than that of atactic and
syndiotactic PS by one order of magnitude. This was due to the difference in
entanglement molecular weight (M,) at a fixed weight average molecular weight
(M,,) as reported by Huange et al. (2011)*°. Grigoriadi et al. (2019) studied the ageing
kinetics of PS using flash-differential scanning calorimetry. He reported that the

ageing kinetics followed the order isotactic PS>atactic PS>syndiotactic PS>!.
1.2.2. Polymerisation techniques for PS production

PS is prepared through addition polymerisation. The different kinds of addition
polymerisation techniques that could be employed are (i) anionic (ii) cationic (iii)

free-radical and (iv) coordination (Ziegler-Natta) polymerisation®>2.

(1) Anionic polymerisation: Sequential steps of initiation, propagation and
termination take place. The polymer formed have polydispersity index (PDI) less
than 1.1 [PDI= weight average molecular weight (M, )/number average molecular
weight (M,,)]. One of the advantages of this method is that the structure of end-
groups could be controlled by controlling the chain termination step. The
disadvantage is that the polymerisation feed needs purification which determines

the purity of the polymer product.

(i1) Cationic polymerisation: This process is generally not employed due to the
difficulty in the production of high molecular weight PS. The cation intermediate

(polystyrylcarbocation) is not much stable and results in fast termination of the
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polymerisation process leading to low molecular weight PS. In addition to this the

polymerisation feed needs purification.

(iii)Free-radical polymerisation: The process takes place through simultaneous
initiation, propagation and termination steps. The polymer formed will have a PDI
greater than 2. Variety of end products is formed in this process due to multiple
termination steps. These facts confirm that free-radical polymerisation is not as
organised as anionic polymerisation. The advantage of free-radical polymerisation

is that the polymerisation feed requires no purification.

(iv)Coordination polymerisation (Ziegler-Natta polymerisation): This type of
polymerisation is generally employed where polymer of high crystallinity is in
demand. Catalysts are introduced in this process. The polymerisation takes place
on the surface of the catalysts used. The resulting polymer product formed will
have higher melting temperatures compared to their amorphous counter parts.
Ziegler-Natta polymerisation is not employed in the production of cheap PS for

daily usages. The polymer formed through this method will have a PDI ~2.

Out of the above mentioned methods, the most widely used one by the industries
for the production of commercial polystyrene is free-radical polymerisation. The
process needs less effort as the monomer need not be cleaned during the process as
mentioned above. Since the initiator residues left behind has less impact on the
properties of PS formed, they (initiator) need not be removed®’. The mechanism of
free-radical polymerisation of PS formation was studied by Florey (1937).
According to Florey, PS is formed when molecules of styrene are involved in a bond
forming reaction through 1, 4-diradical formation as illustrated in Figure 1.2.1. Later
in 1968, Mayo proposed another mechanism in which he describes the formation of a
dimer through the Diels-Alder reaction involving two styrene monomers followed by
the reaction between dimer and styrene to form PS (Figure 1.2.2)%. Later in 1988,
Mulzer and co-workers proposed a mechanism where the diradical suggested by

Florey could lead to the dimer suggested by Mayo (Figure 1.2.3)3.
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Polystyrene

o O oﬁ%/
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Figure 1.2.1. Mechanism of PS polymerisation via free-radical polymerisation as

proposed by P.J. Florey (1937).
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Figure 1.2.2. Mechanism of PS polymerisation via free-radical polymerisation as

proposed by F.R. Mayo (1968).
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Figure 1.2.3. Formation of dimer (F.R. Mayo) from diradical (P.J.Florey) as
explained by J. Mulzer (1988)
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1.2.3. Classification of PS

Based on the production and processing techniques applied, different forms of PS
could be obtained. These forms of PS differ from each other in physical, mechanical
and electrical properties and hence in their applications too. General purpose
polystyrene (GPPS), PS forms, expanded polystyrene (EPS), extruded polystyrene
(XPS) and oriented polystyrene (OPS) cover these classifications.

e General purpose polystyrene (GPPS): These types of PS with M, ranging
between 2,00,000 to 3,00,000 are produced by free-radical polymerisation as
discussed above. GPPS are hard and colourless. They have low specific gravity and
are cheap. As the name implies, GPPS is the most common PS that we meet in our
daily life for common usage. They are the type of PS hence produced by industries
in large scale. They can be moulded into thin flexible films. They are electrical
insulators and serve the purpose of insulation in electric devices too. GPPS is
amorphous and has a glass transition temperature (Tg) around 100°C. GPPS could
be moulded into various commodities of the users’ choice, easily through injection
moulding at a temperature below 200°C. GPPS has several disadvantages such as
low heat resistant, low impact resistant and are soluble in some of the organic
solvents. It should also be noted that the commercially available PS are not pure.

They may contain oligomers of styrene and traces of initiators™.

e PS foams: PS foams are made by the assembly of particles of PS containing air
voids (volume fraction of air =8% and PS =2%). Suspension radical polymerisation
is used to prepare PS beads, using blowing agents. The beads are subjected to steam
and moulded to desired products. They serve the application of light weight water
proof packing materials, insulators, surfboards etc. Insulating concrete form (ICF)
that we see commonly is made up of PS forms. Structures like ornamental pillars

that should be light weight are also made up of PS forms.

e Expanded polystyrene (EPS): are developed from pre-expanded beads of PS. They
are very low dense white material, commonly termed as “Styrofoam”. They are
brittle and soft and are generally used as cushions to protect delicate appliances. The
high thermal insulation property of EPS also makes them available for the use of
packing frozen food items. They also serve as disposable plates and cups. Injection

moulding is employed to manufacture the products of EPS.
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e Extruded polystyrene (XPS): As the name implies, XPS are processed by
extrusion method. Unlike EPS, XPS are closely packed and denser. They have a
rough surface with reduced thermal conductivity. XPS finds their application in

model making (especially architecture models).

¢ Oriented polystyrene (OPS): OPS are specially developed for packing purposes.
XPS discussed above is opaque. On stretching XPS the haziness is reduced and
transparency is increased. This is OPS. The advantage of OPS as packing material is

that they are relatively cheap, at the same time stiff.

1.2.4. PS blends or copolymers

In order to enhance the properties of PS for specific applications, the PS is
blended with some other polymers or molecules. Blending soft rubber with PS for
example results in acrylonitrile-butadiene-styrene copolymer (ABS) and high impact
polystyrene (HIPS) which shows superior impact resistance. ABS also shows
enhanced chemical resistance. Styrene-acrylonitrile (SAN) obtained on
copolymerization of styrene and acrylonitrile is resistant to chemicals and heat and

also shows better mechanical properties.
1.3 Plastic Debris and environmental issues

1.3.1 Causes and consequences of plastic pollution

Increased consumption of plastic commodities including PS worldwide has led to
a steep rise in the amount of plastic debris. The uncontrollable spread of plastic
wastes which has adverse effects on the environment has become one of the primary
concerns of most of the countries’’ . Plastics have touched almost all the sectors of
human need replacing natural resources due to its magnificent properties. The use and
throw system practiced by the humanity causes a huge deposit of hazardous PS debris
have adverse effects on the bio system. Plastics like PS as we know are resistant to
environmental weathering over a long period of time*’. It takes a period of few
decades for low density polymer materials like bags, wrappers etc., to degrade
completely. Degradation of plastic bottles takes around half a millennium. Plastic
products of higher size and density cost nearly a millennium to vanish completely

from earth. This is of course too long for the bio systems of the environment. In

Page 9



Chapter 1

addition to this, studies are being conducted in order to increase the stability of

4145 Such polymers with incorporated

polymers from environmental weathering
stabilizers, further increases the life span of polymer debris. Some of the plastic debris
ends up in land fillings. Lack of enough land for waste plastic deposition leads most

of the debris exposed to the eco system and hence causing pollution.

Plastic which end up in the oceans are broken down and spread over a large
area’®™®. These debris are serious threat to the marine eco system and may even
result in deaths of several marine life forms>* 3. In addition to this various plasticizers
added into the polymer matrix also contribute to the marine pollution®*>°. Plastic
debris spread over soil affects the soil fertility which has serious adverse effects on
the bio system depended on soil®’*°. Plastic debris are often unknowingly taken by
animals and birds as food and are ingested causing various disorders or ultimate
death®®®!. The food safety of human being too is affected due to soil pollution caused
by the plastic debris®?. Plastic debris like PS forms or extruded PS are easily carried
away by the wind to far-away places and spread the plastic pollution over a wider

range.
1.3.2 Remedial measures against plastic pollution

Measures to treat pollution due to plastic debris are actively being thought of and
implemented throughout the world. An effective method for plastic waste treatment is
yet to be developed. Plastics cannot be banned all of a sudden as they have turned out
to be a part of human life. The only way left is to find out a proper route to assemble

the plastic debris and demolish them or recycle them at a very low cost.

In most cases, the primary idea for the demolition of plastic debris that originates
in our mind is to burn plastics. Burning plastics is of course not a wise idea as the
outcome of burning is toxic gases that can be lethal to the creatures including human
beings who inhale them®. Burning plastics therefore results in air pollution.
Controlled burning of plastics is done in municipalities or industries using
incinerators. Incineration also produces acidic gases and other gases that lead to
secondary air pollution causing various health issues. In addition to this, auxiliary

fuels should be used for maintaining proper temperature that consumes energy®+®.
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Another method for the treatment of plastic wastes is recycling®®. Even though
this method sounds good theoretically, its scope is limited practically. The process
called recycling is in fact a combination of several steps starting with the separation of
plastic debris from other waste and sorting them (segregation). The next step is
compaction which involves reduction in the volume of the plastics (up to 98% of the
total volume). Shredding follows compaction where plastic pieces are changed into
small flakes. Finally the flakes are pelletized using an extruder, melted and cooled.
The resultant recycled plastics are used for manufacturing various commonly used
commodities. The major disadvantage of recycling is its limited application and cost.
Expanded polystyrene (EPS) for example occupies larger volume compared to its
mass. This makes the transport of bulk EPS debris costly. The recycling process
compresses EPS into smaller volumes. The recycled compressed EPS finally obtained
does not worth much compared to the cost of recycling and transporting EPS. Another
disadvantage of recycled PS is that it cannot be used for food storing/ packing for the

sake of hygiene.

Biodegradation could not be thought of for polymers like PS, PVC, PE, PES, PP
etc., as the enzymes of microbes are unable to digest these polymers. Polymers like
PS could be degraded thermally®’. Thermal degradation of polymers is also not safe
due to the formation of toxic gases and energy consumption. Chemical degradation®
that is done in the presence of reagents could not be applied for large PS debris. The
use of chemicals is not ecofriendly in some cases and is costly too. Radiolytic
degradation is another effective process for the degradation of PS®. In this technique,
the polymers are exposed to high energy gamma radiation. This technique too
requires large amount of energy and are costly too. Photodegradation could be
considered for the demolition of polymers as the process is cheap and ecofriendly.
Methods to accelerate the process of photodegradation by loading it with suitable

photocatalysts are being discussed in this thesis.
1.4 Photodegradation

Photodegradation refers to the decomposition of a material in the presence of
electromagnetic radiations. Most of the polymers including PS undergo
photodegradation in the presence of sunlight (mostly in the UV region)’®. The main

advantage of photodegradation over other methods of polymer remediation is that, it
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is ecofriendly, cheap, produces no toxic gases and no artificial external energy is
required (the process takes place in renewable natural sunlight). In simple words, we
can call photodegradation, a “green” process. The disadvantage of photodegradation
is that it takes long time for completion. Photodegradation depend upon the nature of
polymers. High molecular weight polymers require a longer time to degrade
completely and the samples should be exposed to more intense electromagnetic

radiations.
1.4.1 Photodegradation of PS

PS undergoes photodegradation in the presence of UV radiation of the solar
spectra. Photodegradation of PS is through photo-oxidation pathway in the presence
of air. Slight yellowing is noticed as a result of photodegradation of PS due to the
formation of conjugated double bonds that absorbs in the visible region. The
mechanical properties of PS are deteriorated as a result of photodegradation. The
flexibility of chain also decreases rendering it as a brittle useless material which is
easily decomposed after photodegradation. Photodegradation of PS depends upon the
mobility of ions through the matrix, impurities present within the polymer and

interaction with atmospheric oxygen, water etc.

The phenyl rings which absorb UV radiations are excited to singlet followed by
triplet states producing radicals initiating the degradation process. The degradation
however depends upon the mobility of the radicals through the PS matrix. It should be
noted that the mobility of radicals through solid phase via diffusion is hindered due to
steric effect. Hydrogen radicals can find an easy way through the polymer matrix and
interact with other molecules creating macromolecular radicals or combine with other
hydrogen molecules or radicals. Bulky macromolecular radicals including the phenyl
radicals cannot diffuse easily. These bulky molecular radicals however can abstract
hydrogen radicals from their vicinity or can cleave the associated or neighbouring
bonds leading to the relay of radical propagation until it is quenched’!. The interaction
of macromolecular radicals formed over the PS chain with the atmospheric gases or
water molecules play a vital role in photo-oxidative degradation. Secondary radicals
formed on interaction of macromolecular PS radicals with atmospheric oxygen or

water molecules are responsible for oxidation over the PS chain. Formation of carbon-
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carbon double bonds or conjugated double bonds due to cleavage of adjacent carbon-

hydrogen bonds also results in oxidation.

The study of photodegradation of PS dated back in the 20" century. Matheson and
Boyler in 1952 reported the yellow colouration on PS surface when exposed to light?.
The yellow colouration of light exposed PS was due to the oxidation of PS leading to
the affixation of some chromophoric groups according to the report. The formation of
carbonyl groups on the PS chain upon light exposure was also reported. According to
Matheson and Boyler, the yellow colouration of light exposed PS specimens could be
washed off easily but they were not soluble in the solvents where PS was normally
soluble. This could be due to the cross linking of PS polymer chains. In 1965 Grassie
and Weir corrected the belief that the reason for yellowing of PS upon exposure to
light was due to oxidation leading to the formation of colour absorbing groups’>.
According to the study, the formation of conjugated double bonds when PS was
exposed to light radiation was responsible for the yellow colouration. Grassie and
weir explained the theory of conjugated carbon-carbon double bond formation as
illustrated below (Figure 1.3). UV radiation absorbed by the PS leads to the cleavage
of a-C-H bond (marked as C;) through homolytic fission. The hydrogen atom cleaved
from C; now abstracts another hydrogen atom associated with the adjacent carbon
atom (C») of the same chain. This ultimately leads to the formation of carbon-carbon
double bond (>C=C<). The >C=C< formed between C; and C; renders the a-
hydrogen (tertiary H atom) present on C; more labile. This triggers the homolytic
cleavage of C-H bond (of C;) followed by hydrogen abstraction from Cs leading to
the formation of >C=C< (between C; and C4). Conjugated double bonds are thus
formed. Three such conjugation results in the absorption of visible light (yellow

region).

H H H H T H H
B 4 liw : C—=C—C=C—Cnnr

P

Figure 1.3. Mechanism of conjugated double bond formation in PS chain under UV
irradiation proposed by Grassie and Weir (1965)
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The intensity of the yellow colour is increased as a result of prolonged exposure to
light radiations. However red shift to higher wavelength was not observed. This was
explained by Grassie and weir by the limitation of extended conjugation due to the
lack of coplanarity of PS matrix which restricts the mobility of molecules. George
(1974) investigated the photodegradation of PS and reported that the presence of
aromatic carbonyl groups as impurities in the PS matrix enhances the oxidation
process’. Chain scission was observed in PS through Norrish type II reaction under
UV exposure. Singlet oxygen was formed when UV radiation interacted with the
impurities or air which further attacks the PS chain leading to the introduction of
hydroperoxy group in the chain. The increase in the intensity of >C=0 absorption
bands in the IR spectra of PS upon UV irradiation was observed. The effect of
temperature on photodegradation was studied by Torikai et al. (1986)>. The
degradation of PS was studied under a mercury lamp at temperatures 30°C, 100°C
and 120°C which were below, equal to and above the glass transition temperature (Tg)
of PS respectively. Photo-oxidation increased as the temperature increased. The
concentration of polystyryl radicals formed initially decreased as the temperature
increased. The conclusion was that, at higher temperatures, cross linking between the
adjacent chains of PS matrix resulted by the combination of polystyryl radicals

assisted by the segmental motion of the chains.

Photodegradation as explained is a slow process. Photodegradation could be
implemented as a common system of plastic waste treatment only if the entire process
proceeds in a stipulated amount of time. Introducing photocatalysts/ photosensitizers
that could efficiently accelerate photodegradation has been thought of and

investigated by many researchers worldwide.

Acceleration in polymer degradation could be achieved by the use of metal

7679 81-84

oxides’%”°, modified metal oxides®, organic photosensitisers etc. loaded into the
polymer matrix. Of late the enhancement of photodegradation of polymers coupled
systems like metal doped metal oxides®, organo-inorganic systems®’ etc. is also being
studied. Photodegradation studies have also been done by modifying the chain of a
particular polymer by copolymerizing it with another polymer 8. It has been observed
that inorganic metal oxide semiconductors like TiOz, ZnO etc showed superior

photocatalytic activity. Our study presented in this thesis includes the
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photodegradation of PS in the presence of nano TiO» as well as TiO»-photosensitizer
couples under UV radiation. TiO; have been chosen as core catalyst in this work,
considering its superior photocatalytic activity, photostability, non toxicity, ease of
preparation and better thermal stability. ZnO and photosensitizer-coupled ZnO have
also been used in our study. Importance has been given to TiO, however considering

superior photocatalytic activity and photostability of TiO> compared to ZnO.
1.5 Titanium dioxide (TiO,)

Ti0O;- an oxide of the transition metal titanium, has been commercialized in 1920s
since its discovery by William Gregor in 1791 in black magnetic sand followed by its
isolation from the mineral rutile by Klaproth in 1795. The first products developed out
of TiO> were pigments®’. The application of TiO2 has extended from the level of
pigments to that of a catalyst within a short span of time®**°. One notable work
includes the study of Fujishima and Honda (1971) who used TiO: as an anode in the
electrochemical photolysis of water”’. The use of TiO; has increased commercially as

well as in catalysis in the following years.
1.5.1 Polymorphs of TiO:

TiO2 exists in three different morphologies namely anatase, rutile and brookite.
These three polymorphs differ by the sequence in which the TiO¢ octahedral units are
arranged (Figure 1.4). Anatase and rutile phases are used in photocatalysis®!. Anatase

phase shows superior photocatalytic activity compared to rutile phase TiO2">.

na

Anatase Rutile Brookite

TiO, octahedral
unit

Figure 1.4. Arrangement of TiO: octahedral units in anatase, rutile and brookite

polymorphs of TiO;
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TiO, also have several metastable forms such as hollandite oxide (TiO2(H))*,
TiO> (B)** and ramsdellite type (TiO2(R))* structures. TiO, also exists in high
pressure forms namely cubic®®, orthorhombic columbite (TiO> 1)’ type, intermediate
orthorhombic (TiO2 OI)*%, orthorhombic cotunnite (TiO2 OII)* type, and monoclinic
baddeleyite (MI) type'® structures. TiO> OII with cotunnite PbCl» like structure holds
the credit of being the hardest oxide known. When octahedral TiOs (On symmetry)
units combine in different ways to form different oxides of titanium, a distortion in its
regular octahedral structure occurs. This leads to a change in O, symmetry of the TiOs
units. As a consequence of the distortion in the regular Oy, symmetry of TiOs units,
further splitting in the tog and ey bands are observed in the electronic spectra as sub-
bands!'?!. The perfect On symmetry of TiOs (as observed in cubic structure) undergoes
tetragonal distortion into D>q symmetry in anatase and Dn symmetry in rutile
structures. Similar distortions are observed in other structures (say Ti2O3 —> trigonal
distortion; Ti407 & TisO9—> orthorhombic distortion and so on). The splitting patterns

of octahedral, tetragonal, trigonal and orthorhombic symmetries are as represented

below (Figure 1.5)!%,
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Figure 1.5. Bands and sub-bands in the electronic structure due to octahedral

splitting, tetragonal, trigonal and orthorhombic distortions
1.5.2 General methods for TiO:2 synthesis

TiO, was reported to be synthesised using several methods. Some methods

employed for the synthesis of TiO, are discussed below.
» Sol-gel method

In sol-gel method, the precursor used for the preparation of a particular compound

is hydrolysed in solution to form sols. These sols are then transformed into gel on
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polymerisation. The gel so formed is transformed into products on heat treatment.
TiO2 have been synthesised through sol-gel technique from Ti(IV) alkoxides in acidic
pH!%-1%5 The amount of water used in the process controls the hydrolysis rate and
thereby the structure of TiO, formed. When the water content is less in the reaction
mixture (titanium alkoxide is in excess) the rate of hydrolysis will be lower
facilitating the growth of Ti-O-Ti chains. The growth of Ti-O-Ti would be in such a
way that close packed three dimensional structures are formed. In the reaction mixture
where the amount of water is comparatively higher, the rate of hydrolysis would also
be higher favouring the development of Ti(OH)4 which ultimately results in particles
which are loosely packed (first order particles). This is due to the fact that three
dimensional structures of Ti-O-Ti are not developed appreciably in the intermediate
step. When the water content in the reaction mixture is in excess the growth of three
dimensional Ti-O-Ti chains in the gel are favoured resulting in first ordered particles

that are closely packed!'%¢1%8,

Sugimoto et al. have conducted several studies regarding the synthesis of TiO:
through sol-gel route. The precursor used was titanium(IV) isopropoxide (TTIP)
mixed with triethanolamine (TEOA) in the ratio 1:2. Amines were used as surfactants
that controlled the shape of the particles. pH of the system was tuned and it was found
that the shape of nano TiO> at acidic pH was cuboidal and at basic pH (above 11) it
was ellipsoidal. When TEOA was replaced with diethylenetriamine, ellipsoidal shape
was obtained at a pH just above 9!, Sodium oleate and Sodium stearate used in
the reaction mixture could tune the shape of the TiO» particles from distorted cubes to
perfect cubes having sharp edges'!’. The studies of Uekawa et al. (2002)'!? and Le et
al (2004)!'3 showed that the agglomeration of TiO particles could be prevented
during the crystallisation process by heating the gel to a temperature below 100° C for
a prolonged time. Zhang and Banfiled obtained anatase nano TiO» with size below 50
nm by heating amorphous TiO2 aerobically in the series of their work done on TiO2

1417 n order to obtain TiO, particles of high

synthesis through sol-gel route
crystallinity, Kim et al.''®!" modified the sol-gel method as continuous reaction as
well as two stages mixing methods. Znaidi et al. (2001) on the other hand adopted
semicontinuous method for the same purpose!'®. Synthesis of TiO> nano tubes were

also reported by several authors using sol-gel route!?’ 122,
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» Hydrothermal method

The advantage of hydrothermal method is that the temperature of the aqueous
reaction mixture can be elevated much above 100° C (>boiling point of water) at an
elevated pressure. The morphology and size of the product formed can be controlled
by adjusting the parameters such as reaction temperature and the quantity of solvent
used. The process is done using steel hydrothermal autoclaves (which may or may not
be teflon lined). Many authors have reported the synthesis of nano TiO» particles
using hydrothermal technique'>*~'%. Yang et al. (2001) for example reported the
synthesis of nano TiO> by subjecting the peptized precursor of TiO> to hydrothermal
process'?6. Chae et al. (2003) reported the synthesis of TiO» by the hydrothermal
treatment of titanium alkoxide in ethanol water mixture adjusting to acidic pH'%.
Hydrothermal method have also been adopted for the synthesis of nano rods'?’~'%,
nano wires and nano tubes'?%!3!. Zhang et al. (2002) reported the conversion of TiO»
particles into TiO: nano wires by treating it with NaOH hydrothermally at a
temperature range 150-200°C'*2. Wei et al. (2004) synthesised TiO> nano wires from

133

layered titanate °°. Kasuga et al. were the first to introduce the synthesis of TiO2 nano

tubes through hydrothermal process in (1998)!3*

. Nano tubes were also developed
from the hydrothermal process of TiO> powder in the presence of NaOH. An
interesting mechanism was suggested by Kasuga et al. in 1999 for the formation of
TiOx rods'*®. NaOH treatment leads to the cleavage of Ti-O-Ti bonds of TiO> leading
to the formation of Ti-O-Na as well as Ti-O-H bonds. Reaction of these newly formed
bonds with water and HCI results in the formation of sheets of Ti-O-H linkage which
on dehydration converts into Ti-O-H-O-Ti sheets. These sheets finally folds to form

Ti0O; tubes.
> Solvothermal method

The difference between hydrothermal and solvothermal processes lies in the
solvent used during the course of reaction. When aqueous medium used in
hydrothermal process is replaced by organic solvents, the process is called
solvothermal process. The advantage of solvothermal process over hydrothermal
process is that the temperature of the system could be elevated much higher than that

of hydrothermal process depending upon the solvents chosen. As a result of this the
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particles produced via solvothermal approach could be better controlled in their size,

shape and distribution compared to the product of hydrothermal synthesis.

Several authors have reported the synthesis of nano TiO; (particles, rods etc)
using solvothermal methods'*®!¥7. Kim et al. (2003) used toluene as the solvent for
the preparation of TiO» from TTIP precursor at a temperature of 250°C by
solvothermal method'®. Li et al. (2006) prepared TiO> nano particles and rods from
titanium tetraisobutoxide precursor using linoleic acid as solvent!**. TiO, nano rods
were synthesised from TTIP precursor in toluene solvent and surfactants at 250° C by
Kim et al. (2003)'*. TiO, nano wires have also been prepared using solvothermal
method'*®!#!, The TiO: rods and NaOH were autoclaved in ethanol-water mixture at

temperature between 170 and 200°C (Wen et al. 2005)'!.
» Chemical vapour deposition (CVD) method

Materials are converted into vapour state followed by condensation to obtain the
required product in CVD approach. CVD is a versatile method adopted for the
preparation of coated materials over a substrate. Surface coating of substrates with
other materials are employed in varied applications to tune their electrical, corrosion
resistant, optical, thermal etc. properties. Other than for coating purpose, CVD

method is employed for the preparation of nano particles, fibers, films etc.

TiO2 has been prepared using CVD in oxygen-helium atmosphere from TTIP
precursor (Seifried et al; 2000)!42. Sung et al (2018) used CVD for TiO;, ultrathin
coating on boron particles from TTIP'*}. Alotaibi et al. (2018) synthesised TiO»
brookite thin films and found that its photocatalytic activity was superior compared to
anatase TiO» particles'*. Nagasawa et al. (2018) prepared TiO,-coated
polymethylmethacrylate polymer which exhibited excellent UV shielding effect'*’.

> Sonochemical method

Sonochemistry utilizes the acoustic cavitation originating from the interference of
ultrasound with reaction media. High pressures and localized heat results as a
consequence of the bubbles formed during cavitation. This in turn drives a chemical
reaction through improved interaction between the molecules. Nano TiO; has been

synthesised using sonochemical method'*®!*’. Huang et al. (2000) synthesised
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anatase, rutile and mixed phase nano TiO; using different precursors at varying
temperature by sonochemical method'*®. TiO nanotubes were prepared through
sonochemical method by Zhu et al. (2001) by sonicating TiO2 in the presence of
NaOH'¥. Yu et al. (2001) sonicated TTIP in ethanol water mixture and reported the
formation of TiO» with a mixture of anatase and brookite phases that exhibited

photocatalytic activity!'*®.

1.5.3 TiO: as a photocatalyst

TiO; is a well celebrated photocatalyst used in various applications related to
energy conversions, water purification, air purification, defogging, hydrogen
generation, self-cleaning, sterilization etc. What makes TiO: such a satisfying
photocatalyst is its superior efficiency, non-toxicity, photostability, ease for synthesis

and low cost compared to other metal oxides'*1°!,

Ti0; is a semiconductor metal oxide having a band gap energy (Eg) above 3.0 eV
(band gap varies in different polymorphs of TiO, and also depends upon the particle
size). Such a large value of Eg restricts its absorbance to the UV region of spectra. UV
irradiation of TiO; results in the formation of electron-hole pairs (if hv>E;). The
photogenerated electrons in the valence band (VB) are transferred into the conduction
band (CB) through the band gap leaving behind positive charged holes in the VB. The
photocatalytic activity of TiO. depends upon the fate of these photogenerated
electrons and holes. The electron in the VB interacts with the adsorbed oxygen
leading to the formation of reactive superoxide (O>"). The holes left behind in the CB
on the other hand react with adsorbed water or hydroxyl ion (OH") to form reactive
hydroxyl radical OHs!32"* The O," and OHe further interacts with the reactant
molecules including polymers, pollutants etc. if present in their vicinity to initiate
various reactions'>®. If polymers like PS, are attacked by these reactive radical
species, oxidation of the polymer chain takes place. In such cases >C=0, -OH and -
OOH groups are introduced in the polymer chain termed as photo-oxidation'*®. It
should also be noted that all these possible reactions occur if the photo generated
electrons and holes either have appreciable life time or they are transferred into
another system associated with TiO,. If the photo generated charges recombine before

having a chance for the interaction with other molecules, the photocatalytic activity is
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quenched. The entire mechanism of photocatalysis of TiO> is pictorially depicted in

Figure 1.6.
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Figure 1.6. Mechanism of photocatalysis of TiO>

The holes left behind in the VB may not combine with water directly in all the
cases. They may get trapped in the oxygen sites within TiO> and may weaken the Ti-
O bond existing in the lattice. The adsorbed water molecules now get a chance to
react with these loosely bounded Ti-O bonds leading to the formation of -OH groups
on the surface of TiO> through coordination. These less stable bonds make the TiO»

surface superhydrophilic'”’.

Table 1.1. Expected properties of TiO: related to its structural dimensionality

O Q O spheres 0D * High surface
area
Rods * Delayed charge
@ recombination.
1D * Light scattering.
- Tubes ‘ .
* Fabricated into
[ Wires nonwoven mat
\ A 7
* High adhesion.
Q Sheets 2D * Smooth surface.
W cor - Interconnected * Better mobility
g structures 3D of charge
m carriers.

The structure of TiO; assembly exhibits variant properties suitable for different

choice of photocatalytic application. Zero-dimensional (0D) TiO, nano spheres, for
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example, due to its high surface area could be used in photocatalytic decomposition/
photodegradation of pollutants'*. One-dimensional (1D) TiO; rods, tubes and fibers
show better light scattering!> and delayed electron-hole recombination'®® properties.
The enhanced diffusion of charge carriers in these 1D structures is the reason for this
delayed recombination of charges'®’. They also could be fabricated into mats which
are self stabilised'®!. Two-dimensional (2D) TiO» sheets have the characteristic
property of high adhesion with smooth surface!®?. Three-dimensional (3D) structures
of TiO, bears interconnected architecture that enables easy mobility of charge

carriers. 3D TiO> monoliths find their application in environmental purification'’.

TiO:> is being widely used as photocatalyst in water treatment for the degradation
of various contaminants. Organic dyes exposed to water could be successively
removed using TiO> photocatalyst in the presence of UV light. These dyes include
Procion yellow H-ELX!$?, Methylene blue'®*, Amaranth!®, acridine orange'® etc
whose removal efficiency depended upon pH. An enhancement in the dye removal
using TiO> was achieved by the addition of H,O> for dyes like Rodhamin 6G'®’, direct
dye 40 %8 etc. Tang et al. reported that the increase in azo linkage decreased the rate
of dye degradation in the presence of TiO; catalyst and UV radiation. The rate of
degradation of the azo dyes followed the order Direct blue 87 > Basic Yellow 15 >
Acid Blue 40'°. The degradation of Reactive Black 5 under UV irradiation and TiO»
increased in the presence of dissolved oxygen and NaCl, and was independent of
pH!'”°. An inhibition in the degradation of Reactive Red 198 dye was reported in the

1171

presence of ethanol'’'. Photodegradation of some phenolic compounds including

1 172-174 1175 1176 A177,178

pheno , 2-chlorophenol’ >, 2,4-dinitrophenol’’®, bisphenol in the

179-181

presence of TiO2 and application of TiO2 based on its superhydrophilicity and

wettability!8%!%3 has also been reported.

TiO2 has also been used as catalyst in polymer degradation with appreciable
results. Cho and Choi (2001)!3* studied the photodegradation of PVC in the presence
of TiOz under UV radiation of wavelength (A) 300 nm and ambient supply of air.
PVC-TiO; composite underwent better photodegradation compared to pure PVC.
Mass loss, decrease in average molecular weights, increase in the formation of
carbonyl groups and evolution of CO2 and water vapour upon UV irradiation was

monitored. Photodegradation of polyethylene (PE) loaded with TiO> under solar light
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and artificial UV radiation in ambient air supply was investigated by Zhao et al.
(2007)'*3. The photodegradation of PE increased as the percentage of TiO> loading
increased with the evolution of CO; and water. The degradation initiated in the PE-
TiO; interface was extended over the PS matrix. The reactive oxygen produced on
Ti0O> photocatalyst diffused through the PE matrix causing the oxidative- degradation
of rest of the PE chain. Thomas et al. (2013)!% reported that the size of TiO:
photocatalyst used, affected the rate of photodegradation of low density polyethylene
under UV radiation. TiO, with smaller particle size exhibited better photocatalytic
activity compared to the larger sized TiO,. The photodegradation of polycarbonate
(PC) in the presence of TiO> as reported by Hwang et al. (2014)7® resulted in various
side products including aliphatic and aromatic ketones. The weight loss observed in
the PC-TiO2 composite was double as observed in pristine PC under UV irradiation.
Shang et al. (2003) studied the photodegradation of PS-TiO> composites under UV
radiation and observed better photo-oxidation, weight loss, decrease in molecular
weight etc. for the composites compared to pristine PS'®’. Diffusion of reactive
oxygen- by the interaction of photogenerated electrons in TiO, through the PS matrix
extended the range of degradation along the PS chain. In 2011, Jaleh et al.
investigated the photodegradation of spin coated PS-TiO» composite films and
reported that the hydrophilicity and contact angles were affected by photodegradation

process'®,
1.6 Modified TiO: for enhanced photocatalysis

TiO:z is a versatile photocatalyst used in many areas including environmental and
energy related applications. The full-fledged photocatalytic activity of TiO> however
cannot be utilised due to its rapid charge recombination. The meagre response of TiO»
towards visible spectra too limits its application. It should be noted that TiO: is photo
catalytically active only in the UV region of the spectra that comprises only about 3 to
5% of the total radiation reaching the earth. In addition to this, the photocatalytic
efficiency of TiO> also depends on the separation of photo carriers and their
transportation to the reactant associated with TiO,. Weaker separation efficiency also
restricts its photocatalytical activity'®. In order to overcome these limitations of TiO»,
modifications are done. Modification refers to the processes like doping, sensitizing,

composite fabrication etc. Modification of TiO, reduces the possibility of charge
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recombination and/or narrows the band gap energy. When charge recombination is
delayed, better photocatalytic activity is exhibited by TiO> and modifying TiO2 with

suitable materials extends its activity to the visible region of the spectra'®.
1.6.1 Metal doping

Some of the methods adopted for the preparation of metal doped TiO: include

1191,192 1193,194

hydrotherma ,  sol-ge ,  sol-gel/microemulsion'®>,  impregnation'®,

impregnation/photodeposition'®’,  photochemical  deposition'®®,  photochemical

00

reduction'”, reflux?® etc. Many studies have been done on the structure and

properties of TiO, doped with alkaline metals®®!, alkaline earth metals®*?, 3d-
transition metals®®},4d-transition metals®®* and rare earth metals®®>. All the studies
showed that the enhancement in the photocatalytic property of metal-doped TiO:
could be achieved by lower concentration of metal doping (<10%). Metal doping
facilitates the transport of photogenerated electrons from the CB into the metal.
Redox potential of the radical species created during photocatalysis at the vicinity of
TiO: is increased as a consequence of metal doping. These species can easily trigger

photochemical reactions, reducing the time of charge recombination within Ti02%%.

Transition metal doped TiO> has been most widely used by various research
groups in several applications especially environmental purification. Transition metals
can disturb the electronic properties of TiO; causing a shift in its absorption from UV
to visible region. The photocatalyst so developed using transition metal doped TiO2
may be active in the visible region too’’. Inturi et al. (2014)*® studied the
photocatalytic efficiency of transition metals V, Cr, Mn, Fe, Co, Ni, Cu, Mo, Y, Ce,
or Zr doped TiOz. Better conversion in the visible region was observed in V, Cr or Fe
doped TiOs. The photocatalytic activity of Cr doped TiO; was found to be superior
compared to TiO> doped with other metals. Doping Cr with TiO: increased the
reduction potential of Ti and Cr leading to the formation of Ti-O-Cr bond that

increased the photo response of the system.

Several authors have reported the enhancement in the photocatalytic activity of
metal doped TiO: for the removal of environmental pollutants 193-29%:218.210-217 ‘Mo gq]
et al. (2014)*" conducted a detailed study with regards to the structure of Ag-doped

TiO2 of varying Ag concentrations and its efficiency for the photodegradation of
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phthalic acid under UV radiation. Even at 0.75% Ag doping, better thermal stability
and degradation efficiency was achieved for Ag-TiO>. Increased Ag doping
percentage decreased the photocatalytic efficiency of Ag-TiO,. Ag metal was found to
agglomerate at the surface of TiO; as the percentage of Ag doping increased. Chiang
et al. (2002) reported the oxidative degradation of cyanide ions using Cu doped TiO»
catalysts with different Cu doping percentage under UV radiation. The rate of
oxidation of cyanide was maximum at 0.1 % Cu doping and higher percentage of Cu
retarded the reaction??°. Superhydrophilic Cu doped TiO: catalysed photodegradation
of Methylene blue was reported by Wang et al (2014)??!. The Cu doped TiO: also
exhibited antifogging property.

1.6.2 TiO2 modified by carbonaceous materials

Carbonaceous compounds like activated carbons????%, carbon nanotubes

(CNTs)??42% fullerene®®®, graphenes/ graphene oxides??’3

are used to modify TiO»
photocatalyst owing to the unique properties exhibited by them. The advantages of
such carbonaceous compounds modified TiO: lie on their special abilities to tune the
electrical, structural and optical properties. Such composites are observed to exhibit
superior chemical and thermal stability too?>*>*°. Another advantage of carbonaceous
compounds lies in their ability to hold TiO> within their matrix taking advantage of
their large surface area. Better transfer of charge carriers along their surface is also
facilitated?*!. The application of carbonaceous materials modified TiO» photocatalysts
depend on the type of carbon structure used as different carbon allotropes have their
own unique properties. Enhancement in the mechanism of photocatalytic activity of
TiO: coupled carbonaceous materials lie in their superior adsorption property?*2. The
carbon materials can adsorb various dyes like ecotoxic pollutants on their surface and
can relay the photogenerated charge carriers originating from TiO> to these
pollutants?**. Ti-O-C bonds could be formed in the TiO: coupled with carbonaceous
compounds??®234235 thereby extending their photo response towards the visible
region?’®, Carbon materials also play the role of electron reservoirs that accepts and
stores the photogenerated electrons from the CB of TiO» thus reducing the chance of

electron hole recombination within Ti0»>7. The electrons stored in the carbon

materials associated with TiO> are utilized for the photochemical process.
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Activated carbons have the special property of high surface area due to its porous
nature. The pores could be classified as micro, meso and macro depending on the
sizes. This porous nature helps activated carbon to adsorb impurities on its surface.
Zhang et al. (2004) reported an interesting scheme by which municipal sewage sludge
was utilized for the development of activated carbon. The activated carbon so
developed was coupled with TiO; for the removal of Hg(II) ions from contaminated
water photochemically. The TiO»-activated carbon photocatalyst adsorbed the Hg(II)
ions and reduced them into Hg(0) which was then recovered from the solution®*?.
Wang et al. (2007)**® prepared TiOz-activated carbon couple by developing TiO:
crystals over activated carbon. The photocatalyst so produced through sol-gel
technique exhibited an appreciable activity in the UV region for the photodegradation
of Chromotrope 2R in aqueous media. Activated carbon was coated on the surface of
TiO, via hydrolytic precipitation method by Li and coworkers (2006)**® using
tetrabutylorthotitanate as precursor. The modified TiO2 so produced showed enhanced
photochemical activity for the degradation of methyl orange obeying pseudo-first
order rate law. Deqing Mo and Dai Qi Ye. (2009) devised a setup by which activated
carbon fibers were first modified using nitrogen plasma followed by loading it with
Ti0,. TiO2 loading into the developed carbon fibers was accomplished using tertiary
butyl titanate via hydrolysis. The photocatalyst so produced could degrade
formaldehyde much efficiently>®. Slimen et al. (2011)**° further heated TiO»-
activated carbon composite in air at 700°C which was developed through sol-gel
technique. The photocatalyst was used for the degradation of methyl orange under
visible light irradiation. Orha et al. (2017)**! adopted microwave supported
hydrothermal process for the preparation of granular activated carbon modified TiOx.

The photocatalyst so developed actively degraded humic acid under UV radiation.

Carbon nanotubes (CNT) with its one-dimensional rolled network like structure
offer better surface area. They can stabilise TiO» associated with them. The properties
of CNT could be tuned by functionalisation. Better thermal and electronic properties
are exhibited by CNTs**2. CNTs could be classified based upon the number of the of
concentric carbon network rolled to form tubes. Single walled carbon nano tubes
(SWCNTs) and multi walled carbon nanotubes (MWCNTS) consist of single carbon
tube and multiple concentric carbon tubes rolls respectively?®. Better

photosensitization is promised by CNTs coupled with TiO» structures.
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Yen et al. (2008) reported that the photocatalytic activity of TiO>-MWCNT
photocatalyst prepared through sol-gel route was found to be superior to those
synthesised through hydrothermal route for the photodegradation of NOx and
phenol®**. Sol gel process was used by Gao and co-workers (2009)** to coat anatase
mesoporous TiO> nano layers over MWCNT. Uniform coating of TiO2 over MWCNT
was accomplished with the air of surfactants. The developed photocatalyst showed
improved efficiency for the photodegradation of methylene blue. Ashkarran and co-
workers (2015)**¢ developed TiO.-CNT composites via different approaches like
simple mixing, mixing followed by heating and mixing followed by UV irradiation.
The UV irradiated composite exhibited superior photocatalytic activity compared to
the others. TiO,-CNT nano fibers were prepared by Wongaree et al. (2016)** using
electrospinning method which showed effective activity for the photodegradation of
methylene blue and benzene gas. Ahmad et al (2017)?* prepared hair like TiO>-CNT
wires via CVD technique that could completely degrade methyl orange solution from

the aqueous solution within 30 minutes.

The most widely used type of fullerene for photocatalytic applications is Ceo with
60 p-electrons and C7o with 70 p-electrons**®. C7 is less symmetric compared to Cgo.
As result of this, better ability for free radical creation is observed in C79 compared to
Ceo. Electron affinity of C7o is higher compared to Cgo >*°. Superior visible light
response observed in C7o compared to Ceo could be explained by its larger photo
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cross-sectional area™'. Most of the studies are however based on Ceo TiO2 couple. Cro

has been into the picture recently. The conjugated close-shell structure with
delocalised electrons has added to its unique physicochemical properties?>>?3,
Fullerenes can act as sensitizer when coupled with materials like TiO2 separating the
photogenerated charge carriers much efficiently?®*. This is accomplished by its
electron accepting property>>*. They can absorb mainly in UV region and moderately
in the visible region®”. The properties of fullerene can further be tuned by

functionalisation.

Arrays of TiOx-fullerene nanotubes®®, TiO,-fullerene prepared via refluxing
method®” and TiO»-fullerene prepared via hydrothermal method?>® were reported to
show better photocatalytic property for the photodegradation of Methylene blue,

Cr(IV) and Rhodamine B. Functionalised fullerene-TiO> composites like water
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soluble polyhydroxyl fullerene coupled with TiO> and carboxylic acid

functionalized fullerene coupled with Ti0,?%°

efficiently degraded Procion red and
Rhodamine B dyes photochemically. Out of these the carboxylic acid functionalized
fullerene could shift the photocatalytic activity of TiO» towards visible region and the
degradation of Rhodamine B took place under the visible light. Monolayer dispersion
of Ceo over mesoporous TiO, was achieved by hydrothermal method as reported by
Yu et al. (2011)*! which catalysed acetone oxidation. Qi and co-workers**? reported
that the optimum loading of 2% Ceo into TiO; prepared through solution phase method
catalysed the photodegradation of Methylene blue more efficiently. A comparison
between the photocatalytic activities of Cso and C7o coupled with TiO2 was made by
Cho and co-workers (2015)*% for the photodegradation of Methylene blue. C7o

incorporated TiO> was found to show better activity for the photodegradation of

Methylene blue under visible light irradiation.

Graphene is another significant material which is widely being studied accounting
its outstanding unique properties. The sp®> hybridized two dimensional hexagonal
array of carbon atoms could be extracted from graphite?®*. In fact graphene is nothing
but a single layer 2D sheet exfoliated from 3D structured graphite by chemical or

physical methods?**. Graphene has been of quite interest for the researchers owing to

1265266 1267 1268

its electrica , mechanical®®’, interfacial?®®, photosensitizing®?’, capacitance?*® and

1270

thermal®”® properties. Graphene also have high charge mobility along its structure®®.
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Graphene find application in photocatalysis®’!, composite materials®>’?, medicine?”*,

6

energy conversions?’4, electronic devices?’>, molecular sensors?’®, liquid crystal

9

devices?’’, quantum hall devices?’®, ultracapacitors 2’° etc. The properties of graphene

are quite tunable by doping?*® and functionalisation®®!,

Graphene oxide (GO) as the name implies, is the oxidized form of graphene. In
GO the oxygen atoms are bonded covalently to some of its carbon atoms resulting in
the formation of hydroxyl or epoxy bonds**?-2%6, Peripheral carbon atoms in GO may
also contain carboxylic acid functional groups attached in addition to hydroxyl and
epoxy groups?®’. The presence of these functional groups decrease the delocalisation
of electrons through the graphene backbone of GO?**® and increase the hydrophilicity
of the material. GO is in fact highly dispersible in water whereas graphene is not

234289 Hummers method*” is most widely used for the preparation of graphene oxide
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(GO) from graphite. During the process, oxidising agents used (H>SO4, NaNO3 and
KMnOy) penetrate through the graphite layer and oxidizes the layers of graphite. This
weakens the bond between each layers of graphite*!. Process like sonication can lead
to exfoliation of each layers into GO. The GO hence formed can be reduced into
reduced graphene oxide (rGO) using simple chemical process. UV irradiation of GO

catalysed by TiO: in ethanol media can also reduce it into rGO*®.

Zhang et al. (2011)*"! compared the photocatalytic activity of TiO,-graphene and
Ti02-CNT photocatalysts for the selective oxidation of alcohols. Better photocatalytic
efficiency was observed in TiO»-graphene composites compared to that of TiO2-CNT.
The photocatalytic activity of TiO, was further tuned by controlling the morphology
of TiO»-graphene composite. Huang et al. (2013)*? reported that the enhanced
photocatalytic activity exhibited by TiO»-graphene for the photodegradation of
formaldehyde in air was due to the formation of Ti-C bond between TiO, and
graphene. The formation of Ti-C bond facilitated the easy charge transfer from TiO:
to graphene thereby reducing the charge recombination in TiO». Liu and co-workers
(2013)*?® developed a core shell structure in which TiO2 was encapsulated by GO.
The condensation reaction between the -OH groups on TiO> surface and -COOH
functional groups on GO resulted in the core shell structure. Enhanced
photodegradation of Rhodamine B dye under UV as well as visible light was observed
in the presence of the core shell TiO.-GO structure, compared to pure TiO:

photocatalyst. Umrao et al. (2014)*?

reported that the formation of Ti-O-C between
TiO; and graphene in TiO;-graphene composite minimised its band gap energy. The
easy movement of charge carriers along the Ti-O-C bridge between TiO> resulted in
better electron-hole separation and lowering of band gap energy. The composite
catalysed the photodegradation of Methylene blue dye under visible light radiation.
Rakkesh et al. (2014)*** studied the photodegradation of Methylene blue dye
catalysed by TiOz-graphene and ZnO-graphene photocatalysts. Both the
photocatalysts exhibited better efficiency for the photodegradation of the dye in
sunlight due to the formation of heterojunction between the metal oxides and
graphene. Increased interfacial charge transfer resulted in better electron hole

separation in TiO; as well as ZnO in the presence of graphene. Hi and co-workers

(2016)*> developed bipyramidal structured TiO»-rGO photocatalyst. The structure
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consisted of one to five layers of rGO encapsulating TiO>. The composites acted as

better photocatalysts for the photodegradation of Methyl orange.
1.6.3 TiO: modified by conjugated polymers

The idea of coupling a metal oxide photocatalyst with a polymer system was
introduced in order to develop a system that could support the metal oxide for better
activity. Such an immobilized system with polymer supported inorganic
photocatalysts find its application in water purification systems. Polymer supported
inorganic heterogeneous photocatalyst particles eliminate the troubles faced while
retracting the catalyst from water after the reaction. In other words the highly
dispersed catalyst particles require more time to settle after purification process and
this drawback is nullified by polymer support. Based on this idea numerous polymer
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supports”® were introduced, with PE being the first reported polymer for TiO»

support>”’.

The most remarkable advantage in photocatalysis was achieved with the
introduction of conducting polymers having extended conjugation such as polyaniline
(PANI)**8, polythiophene (PTh)*’, poly(3,4-ethylenedioxythiophene) (PEDOT)®,
Poly(3-hexylthiophene) (P3HT)*", polypyrrole (PPy)’®?, poly-(fluorene-co-
thiophene) (PFT)** etc. These conducting conjugated polymers act as co-catalyst to

enhance the activity of the photocatalyst associated with them®*

. Conducting
polymers that have extended m-conjugation are quiet stable and can also absorb in UV
and visible region (190 to 800 nm)**. The introduction of such conjugated systems
coupled with photocatalysts like TiO, can hence extend their activity in the visible
region 3%,

PANI offers a better choice of conjugated conducting polymers that could be
coupled with TiO; like photocatalysts. The characteristic property of PANI includes
high charge carrier mobility along the matrix, better absorption in visible region,
environmental stability and easy synthetic approach making the material cheap. PANI
is a hole transporting polymer*””. PANI can be considered as p-type material that
forms p-n heterojunction with n-type TiO, semiconductor that further enhances the

charge carrier mobility>%,
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Wang et al (2007)** reported the preparation of TiO2-PANI nano composite via
chemical oxidative polymerisation of aniline. The prepared composite catalysed the
photodegradation of Methylene blue dye, utilizing UV as well as visible region of
natural light. Pure TiO; photocatalyst on the other hand was active only in the UV
region. Min et al (2007)*% reported the existence of coordination bond between
titanium atom of TiO» and nitrogen atom of PANI, prepared through oxidative
polymerisation method. The composite catalysed enhanced degradation of methylene
blue dye under natural light compared to pure TiO> catalyst. Zhang and co-workers
(2008)% reported that the improved photocatalytic activity of the synthesised TiO»-
PANI composite for the photodegradation of Methylene blue and Rhodamine B
under visible light was facilitated by the m—=>n* transition in PANIL The n—>n*
transition caused transportation of electrons from PANI to the CB of TiO and further
to the adsorbed molecules (O2 and HoO/-OH) producing radical species. These species
initiated the degradation mechanism of the dyes. Wang and co-workers (2010)3!°
prepared PANI doped with camphorsulfonic acid (CSA) by dispersion polymerisation
method. Composite of TiO>-PANI-CSA was developed by dissolving PANI-CSA in
THF. The photodegradation of methylene blue was studied using TiO, and TiO»-
PANI-CSA photocatalysts. It was concluded that PANI-CSA extended the activity of
TiO> towards visible region of the spectra. Olad (2011)*!' developed core shell
structures of TiO2-PANI composite with PANI encapsulating TiO2. The composite
showed improved activity for the photodegradation of Methyl orange under visible
light radiation. Reddy et al. (2016)**® prepared TiO,-PANI through oxidative
polymerisation and reported that the composite showed improved photocatalytic
activity under UV radiation for the photodegradation of Rhodamine B, Methylene
Blue and phenol. The extent of photodegradation of Reactive red (azo dye) from
waste water under UV radiation was greater in the presence of TiO»-PANI compared

to pristine TiO; as reported by Gilja (2017)'.
1.7 Organic compounds as photosensitizers

Some simple organic compounds have the ability to absorb electromagnetic
radiations, get excited and dissipate their energy by transferring it into another system
without quenching. Such compounds come under the category of photosensitizers.

Photosensitizers transfer its triplet energy into the reactant compounds coupled with
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them. The use of photosensitizers hence finds their application when the triplet state
yield of a particular compound is not satisfactory. In addition to triplet energy
transfer, photosensitizers also involve in photocatalysis in some cases’!®>. The
efficiency of a molecule to act as an efficient photosensitizer depends upon the
efficiency of its inter system crossing (ISC) which determines its triplet state
production®'*3!5, Based on the triplet state energy transfer efficiency, the choice of
photosensitizers spread to a wide variety including organic compounds, organic dyes,
organo-metallic compounds, transition metallic complexes etc. The application of
photosensitizers is also extended to therapy, disinfection, hydrogen production,

316317 and  other

environmental remediation, luminescent oxygen sensing
photochemical reactions®!®3!°, In polymer degradation chemistry, the photosensitisers
work by producing free radicals that interacts with the polymer chains initiating
photodegradation®?®. The region of light absorption and thereby the photo-
reactivity/degradation of a polymer could be tuned by coupling it with suitable

photosensitizer*?!.

Eltayeb and co-workers (2009)% investigated the photodegradation of LDPE
using 2-hydroxy-4-methoxybenzophenone and cobalt naphthenate photosensitizers,
under UV radiation. It was observed that the rate of photodegradation of LDPE
increased in the presence of cobalt naphthenate. 2-hydroxy-4-methoxybenzophenone
on the other hand showed retardation in photo-oxidative degradation. In 2011 Eltayeb

et al.%?

again compared the degradation of LDPE using cobalt naphthenate and 2-
benzoylbenzoic acid under UV radiation. Even though the rate of photodegradation of
LDPE increased as the percentage of cobalt naphthenate increased, the increase in the
concentration of 2-benzoylbenzoic acid retarded the photodegradation. Manangan et
al. (2010)*%° investigated the photodegradation of PE and PP using derivatives of
benzophenone and acetophenone. Two different light sources (A= 254 nm and 366
nm) were used. The photodegradation was efficient under 254 nm UV radiation. 3-
nitroacetophenone showed better photosensitization for the effective degradation of
PE and PP compared to the others. Pinto et al. (2013)°?? investigated the
photodegradation of PS film in the presence of organic photosensitizers, thioxanthone
and benzophenone. Both the photosensitizers caused oxidative degradation with the

formation of double bonds in the PS chain. The photosensitization of thioxanthone

was found to be superior compared to that of benzophenone. Flash photolysis proved
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that both the photosensitizers exhibited same triplet state reactivity. The larger
absorptivity of thioxanthone compared to benzophenone was the reason behind its
superior photosensitizing efficiency. Nguyen et al. (2018)%° developed a hybrid
photocatalyst TiO>-benzophenone-ethylene vinyl acetate by mixing process.
Photodegradation of LDPE film was studied using this catalyst. The catalyst showed
improved efficiency for the photodegradation of LDPE with increasing carbonyl

index and decrease in the mechanical property with respect to degradation time.
1.8 Zinc oxide (ZnO)

Zinc oxide (ZnO) is a transition metal semiconductor whose photochemistry
resembles that of TiO, in several aspects®>. The band gap energy (E,) of ZnO is
almost equal to TiO, (generally E, of ZnO is slightly greater than that of TiO2)**.
ZnO is also non-toxic, cheap and efficient photocatalyst just like TiO2*%. It is an n-
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type semiconductor like TiO>’°. ZnO has also been widely used in many

applications’2’-3%8

. Disadvantages like faster charge recombination and inactivity
towards visible region is also observed in ZnO. Another disadvantage is that the
photostability of ZnO is not as much pronounced as TiO;. ZnO undergoes photo-
corrosion to form Zn(OH): when exposed to UV radiation for a prolonged time
interval®?’. ZnO is also soluble in strong acidic and strong alkaline medium??°**°, This
limits the use of ZnO compared to TiO> in most of the cases. Some authors reported
that ZnO is less efficient compared to TiO> as a photocatalyst. Several modification
strategies have been practiced in order to increase the photocatalytic efficiency of
Zn0*'1733% ag explained in the case of TiO, in previous sections. ZnO commonly
exists in zinc blende and wurtzite phases. Wurtzite phase is mostly used as

photocatalysts especially in environmental cleaning processes>>*33>.

Out of several studies reported using ZnO initiated photochemical reactions,
recent ones include the work of Denisyuk et al. (2016)**® who studied the
photodegradation of p-type semiconductor doped acrylic polymer film. The
photodegradation of the polymer was explained by the development of bubbles due to

the formation of various photolysis products. Suryavanshi et al. (2018)*’

adopted
spray pyrolysis method for the deposition of ZnO films over glass substrates. The
photodegradation of methyl blue and benzoic acid dye were studied using these ZnO

coated electrodes. Methyl blue underwent better photodegradation. Zhang et al.
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(2018)*8 dried ZnO particles in vacuum in order to develop nano ZnO particles with
oxygen vacancies. Photodegradation of methylene blue was studied using this nano
ZnO as catalyst under UV radiation. Superior photocatalytic efficiency exhibited by
the synthesised nano ZnO was reported to be due to the reduction of electron hole
recombination by the oxygen vacancies, increased surface area and better

photostability.

Application of ZnO catalyst modified by several techniques was also reported.
Some of the recent works include the study of Ngaloy et al. (2019)**° where chemical
vapour decomposition method was used for the preparation of ZnO-rGO photocatalyst
that showed improved activity for the degradation of methylene blue under UV
radiation. The formation of Zn-O-C bond between ZnO and rGO improved the
separation of charge carriers generated within ZnO and hence better photocatalytic
activity. Asgar et al. (2019)*° developed ZnO-PANI photocatalyst via chemical
oxidative polymerisation method for the study of degradation of metronidazole under
UV radiation. The photodegradation of metronidazole was accelerated by ZnO-PANI
photocatalyst by the formation of highly reactive O™ and OH" radicals which

interacted with metronidazole. Qi and co-workers (2019) 3!

modified ZnO by doping
it with some transition metals Fe, Ni, Co, Mn and Cu. The transition metal doped ZnO
existed in wurtzite phase. The metal doping was 3% versus ZnO. Cu doped ZnO
showed superior photocatalytic activity for the degradation of methylene blue under
light radiation (A=365 nm). Ismael et al. (2019)*** developed ZnO modified with
graphitic carbon nitride via calcination method. The composite efficiently catalysed
the photodegradation of 4-chlorophenol and methyl orange in the presence of visible
light. The improved degradation efficiency of the composite attributed to the easy
charge transfer through the interface between the heterojunctions of the composite.
Neelgud and Oki (2020)** developed graphene nanosheets deposited by ZnO
nanotrapezoids. The composite exhibited better photostability and improved
efficiency for the photodegradation of different types of dye contaminants in sunlight.
The mechanism of enhancement of photocatalytic activity is due to the formation of

heterojunctions formed between ZnO and graphene nanosheets that facilitated better

charge transfer and reduced the charge carrier recombination.
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1.9 Objectives of the present study

To prepare and characterise modified TiO2/ZnO photocatalysts.

To study the photodegradation of PS in the presence of these photocatalysts
and other photosensitizers under UV radiation.

To investigate the change in electrical, mechanical and thermal properties of
PS-composites due to photodegradation.

To propose a suitable mechanism for photodegradation of PS composites.

To optimise the degradation conditions of PS under UV radiation.
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Materials and Methods

2.1 Materials

The following chemicals were used for the preparation of various photocatalysts.

Chemicals Manufacturer
¢ Titanium(I'V)isopropoxide : Sigma Aldrich
e Zinc nitrate hexahydrate (Zn(NO3)2.6H>0) : Sigma Aldrich
e Aniline : Merk, India
e Ammonium peroxodisulphate : Merk, India
e Graphite (150 mesh) : Merk, India
e Sodium nitrate (NaNO3) : Merk, India
¢ Hydrogen peroxide (H20:2) (30% W/V) : Merk, India
e Potassium permanganate (KMnOj4) : Merk, India
e Silver nitrate (AgNO3) : Sigma Aldrich

e Iron (III) nitrate nonahydrate (Fe(NO3)3.9H>0) : Sigma Aldrich
e Copper sulphate pentahydrate (CuSO4.5H>0)  : Sigma Aldrich

e Benzophenone : TCI chemicals, India
¢ 2-hydroxy-4-methoxybenzophenone : TCI chemicals, India
¢ 4-methoxybenzophenone : TCI chemicals, India
e 2-chlorobenzophenone : TCI chemicals, India
e 4-nitrobenzophenone : TCI chemicals, India
e Malachite green : TCI chemicals, India
e Methyl blue : TCI chemicals, India
¢ Sulphuric acid : Merk, India
e Hydrochloric acid : Merk, India
e Nitric acid : Merk, India
e Ammonium hydroxide : Merk, India
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All the above chemicals were used directly without further purifications for the
photocatalyst preparation. Ethanol was distilled in the presence of magnesium ribbon

and 1odine solution in order to remove the water content.

Detailed Methods of preparation of various photocatalysts are described in the

corresponding chapters (chapters 3-7)

PS specimens for photodegradation studies were prepared using the following

chemicals.

Chemicals Manufacturer
e Polystyrene beads : LG Polymer India Pvt. Ltd
e Toluene : Merk,India

UV tube (253 nm. 30 W, Phillips Holland) fit inside a wooden chamber (96 cm x

26cm x 34cm) was used as UV light source for the photodegradation studies.

2.2 Preparation of PS and PS-photocatalyst composite sheets

2.2.1 Preparation of PS sheets

PS sheets were prepared through the method of solvent casting. Typically 5g of
PS beads were dissolved in 20 ml toluene and the resulting viscous solution was
homogenized using ultrasonic probe sonicator (750 W) for 30 minutes. The solution
was immediately poured into petri dishes of uniform dimensions and kept overnight in
a vacuum oven. The obtained PS sheets were allowed to dry at room temperature for

seven days. The PS sheets hence obtained were subjected to photodegradation studies.
2.2.2 Preparation of PS-composite sheets

PS-composite sheets were also prepared through solvent casting method.
Photocatalysts of varying weight percentages were loaded into 5g PS dissolved in 20
ml toluene. The viscous solutions were sonicated for 30 minutes, casted in petri
dishes, dried in a vacuum oven followed by room temperature drying as explained
above. The polymer composite sheets were subjected to UV irradiation for

photodegradation studies.

Page 54



Chapter 2

2.2.3 Preparation of PS and PS-composites for mechanical studies

Mechanical tests included determination of tensile and flexural properties.
Polymer composites for mechanical studies were prepared by injection moulding
technique. Finely chopped PS and PS composite sheets- prepared by solvent casting
method discussed above, were fed into injection moulder (Windsor, India) which
consisted of moulds corresponding to tensile and flexural test specimens. Dimension
of polymer specimens for tensile test was as per ISO-527-2-14 standard while that of
flexural was as per ISO-178 standard (Figure 2.1). Two other duplicates were also
moulded for each sample. The samples were subjected to UV irradiation after which
their tensile and flexural properties were measured using a universal testing machine

(UTM).

Tensile test specimen -Dimension-(1S0-527-2-1A)

L1 Total length 75 mm
L2 Gauge length 30mm
B1 Width of grip end 10mm
B2 Width of center 05 mm
H Thickness 02 mm
L Length 80 mm
B Breadth 10 mm
H Thickness 40mm

Figure 2.1. Dimensions of injection moulded specimens for tensile and flexural

measurements as per ISO standards.

2.2.4 Preparation of PS and PS-composites for electrical studies

Electrical studies included dielectric breakdown (break down voltage) (BDV)

measurement and determination of dielectric permittivity () through capacitance
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measurement. Specimens for BDV were moulded by the aid of hydraulic hot press to
obtain uniform discs of thickness 1 mm and diameter 75 mm. Polymer sheets were cut
out into small circular button shaped discs of diameter 10 mm for the determination of
dielectric permittivity. The samples were then exposed to UV irradiation for

photodegradation studies followed by electrical testing along with their duplicates.

2.3 Photodegradation reaction setup

Photodegradation of PS and PS composites were studied under artificial UV
irradiation. Artificial UV irradiation of the polymer specimens in an isolated chamber
avoided the possibility of their degradation through any other weathering process. UV
chamber also protected the polymer specimens from natural harsh conditions and
hence the impact of UV radiations alone, on photodegradation of PS could be
investigated. The polymer specimens were subjected to a uniform UV exposure

throughout the study and the rate of photodegradation of each specimen were

@hotocatalyst

compared.

PS dissolved in PS + Photocatalyst Probe Sonicator

toluene

UVirradiation under UV lamp PS-Photocatalyst
composite moulded in

petridishes

Figure 2.2. lllustration of PS composites preparation and their photodegradation

setup

The UV irradiation chamber contained a UV tube (30 W, Philips Holland) of

wavelength 253 nm and the specimens were irradiated maintaining an exact distance
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of 8 cm from the tube. Irradiation was carried out continuously for 1000 hours. The
specimens were subjected to various analyses at regular intervals of 200 hours. Figure
2.2 illustrates the scheme starting from polymer composite preparation to their UV

exposure.
2.4 Characterisation techniques

Powder XRD analysis of the photocatalysts was done using X-Ray diffractometer
Aeris, Panalytical -with Copper-K alpha radiation (1.5406& wavelength) as the
source. The particle size and morphology of the prepared photocatalysts were
determined using Scanning Electron Microscope (FESEM) Hitachi SU6600 Variable
Pressure Field Emission. Elemental analyses were done using energy dispersive X-ray
(EDX) instrument JED 2300, Jeol. The surface morphology of PS-composite sheets
was determined through SEM instrument, JSM-6390LV, JEOL. High resolution
transmission electron microscope (HRTEM) and selected area electron diffraction
(SAED) analysis were done using JEM 2100, Jeol. Molecular weight determination of
the PS-composites was done using Gel Permeation Chromatography (GPC) LC-
20AD, Shimadzu, Japan, with stationary phase silica gel and mobile phase
tetrahydrofuran. The samples were dissolved in tetrahydrofuran for GPC analysis. IR
spectroscopic analysis was done using FTIR-ATR spectrometer IRAffinity-1S,
Shimadzu, Japan. PS composite sheets as such were used for FTIR analysis. UV-DRS
analyses were conducted using UV-visible spectrometer UV-2600, Shimadzu, Japan.
PS sheets were directly loaded into the instrument for UV-visible spectroscopic
analysis. Thermal studies were conducted in a thermogravimetric analyzer (TGA),
STA 6000, Perkin Elmer. The TG analysis was done in nitrogen atmosphere.
Mechanical measurements were taken using universal testing machine (UTM),
Autograph AG-X plus, Shimadzu. The samples moulded as per ISO standard as
mentioned above were tested for tensile and flexural properties. Capacitance was
measured using LCR meter of frequency range 20 to 107 Hz. The value of dielectric
constant was determined using the measured value of capacitance. Dielectric
breakdown or Breakdown voltage (BDV) was measured using specially designed
wooden chamber with two copper electrodes aligned in a head to head fashion with

respect to each other (Figure 2.3). The electrodes were connected to the two terminals

Page 57



Chapter 2

of a high power alternating current (AC) voltage source. The disc shaped sample (1
mm thickness) was placed in between the round heads of the electrodes. The chamber
was filled with transformer oil so as to immerse the electrodes and sample completely.
Transformer oil served as insulator in order to suppress arcing or discharges of
electricity which may lead to current leakage and false measurement. Voltage needed
to break the sample (BDV) was measured for the polymer samples and their

duplicates.

Wooden chamber

Electrodes

Transformer oil
{filled inside the Disk shaped
chamber) Polymer Sample

Figure 2.3. Setup for BDV measurement
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Chapter 3
Photodegradation of Polystyrene using Nano
TiO, and Nano ZnO Catalysts under UV

Irradiation - a Comparison

Abstract

Nano TiO> has been synthesised by ultrasonication assisted sol-gel technique from
Titanium (IV) isopropoxide (TTIP) precursor. ZnO have been synthesised using three
methods viz., Sonication assisted precipitation method, hydrothermal method with
uncontrolled hydrolysis and hydrothermal method with controlled hydrolysis. TiO>
and ZnO were characterized using XRD, FTIR spectroscopy, UV-DRS, SEM and
EDX. TiO, existed as spherical nanoparticles having diameter =25 nm. ZnO
synthesised through three different techniques resulted in particles of varying size and
morphology. XRD analysis revealed that nano TiO; existed predominantly in anatase
phase with a fewer rutile phase where as ZnO existed in hexagonal wurtzite structure.
Photodegradation of PS was studied in the presence of TiO> and ZnO under UV
radiation. GPC analysis showed a decrease in average molecular weights and increase
in chain scission as the time of UV irradiation increased in the PS-composites. FTIR
spectra showed that photo-oxidation has taken place in all the composites upon UV
irradiation. UV-DRS further supported photodegradation. The mechanical (tensile and
flexural) strength of the composites decreased upon UV irradiation. The observed
variations in electrical properties (breakdown voltage and dielectric permittivity) of
the composites revealed the formation of charged species on UV exposure. Thermal
stability of the composites too decreased upon UV irradiation. Based on all the
observations it was concluded that PS loaded with TiO> or ZnO underwent
accelerated UV degradation compared to pristine PS. Photocatalytic efficiency of

Ti0, was found to be superior compared to ZnO for the photodegradation of PS.
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3.1 Introduction

The study of photodegradation of solid phase polystyrene (PS) in the presence and
absence of nano titanium dioxide (TiO2) and nano zinc oxide (ZnO) as photocatalysts
under UV radiation is reported in this chapter. Even though PS is not a biodegradable
polymer and withstands environmental weathering for a long span of time it
undergoes photodegradation in the presence of UV radiation from the sunlight'?.
Radiations, especially in the UV region are absorbed by polystyrene during
photodegradation which causes change in its original properties. Polystyrene
undergoes photo-oxidative degradation when exposed to ultraviolet (UV) radiation®~>.
Photo dissociation (chain scission), formation of carbonyl groups, isolated and
conjugated double bonds and slight yellowing occurs due to radical initiated
mechanism. Photodegradation cause changes in the original properties of polymer

with depleted mechanical properties resulting in weight loss and brittleness®!!,

Naturally occurring photodegradation of PS is of course a slow process. The rate
of photodegradation further depends upon its type (density). High impact polystyrene
(HIPS) and general purpose polystyrene (GPPS) takes much longer time to degrade
compared to their low density counterparts such as expanded polystyrene (EPS).
Difficulty faced by photons to reach the inner layers of high density PS matrix and
difficulty to conduct reactive radicals across the tightly packed PS macromolecules
are the main reasons responsible for this. This problem could be overcome by the
incorporation of photocatalysts into the PS matrix.!? Loading photocatalysts into PS
furnishes more radicals, ions or free electrons in the presence of UV radiation which
could further accelerate degradation. Photocatalysts can interact with each other and
transfer electrons through the PS matrix where the UV light cannot reach much
efficiently. One of the criteria of choosing photocatalysts is that they should have high
surface area and very small size'*!'*. Nano particles satisfy these needs. The small size
of nano particles resulting in high surface to volume ratio not only enables good and
uniform dispersion along the PS matrix but also provides an easy platform for the
charge carriers to migrate from the surface of the particles resulting in high

photocatalytic activity!>.

Nano metal oxide semiconductor photocatalysts have been celebrated as satisfying

photocatalysts for their multi advantages including better efficiency, photostability,
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thermal stability, non toxicity, relative cheapness and so on!6".

In general
semiconductor metal oxides absorb UV or visible radiations of solar spectra resulting
to the transfer of electrons from valence to conduction band?. The electron hole pair
formed further interacts with adsorbed molecules over the surface of these metal
oxides resulting in the formation of secondary radicals or ions. These highly reactive
species now interacts with the reactant, initiating several radical reactions. Nano TiO»
and nano ZnO has been the most popular among semiconductor metal oxide
especially while dealing with polymer degradation and water purification®'*. Herein,

a comparative study of nano TiO> and nano ZnO on the photodegradation of PS in the

presence of UV irradiation is reported.

TiO2 and ZnO could easily be synthesised in laboratory under normal conditions.
The morphology and particle size of these metal oxides could easily be tuned by
adjusting the parameters or reaction conditions. In our work, we have used ultra
sonication during the formation stage of these metal oxides through which the particle
size could be reduced to nano scale. Nano TiO; was synthesised by sonication assisted
sol-gel route while ZnO was synthesised via sonication assisted hydrothermal and
precipitation methods. The synthesised nano particles were used as photocatalysts for
the photodegradation of PS. The samples were irradiated using an artificial UV
irradiation source and analysed at regular intervals of 200 hour. A comparison of
photodegradation of pristine PS with that of PS-TiO, and PS-ZnO composites were
studied. Variation in mechanical, electrical and thermal properties of the specimens

was also studied at regular intervals of UV irradiation.

This chapter is presented in two sections. Section I includes the synthesis and
characterization of nano TiO> and ZnO photocatalysts. Section II covers comparative
study of photodegradation of PS in the presence and absence of nano TiO; and nano

ZnO photocatalysts.
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Section I

Synthesis and characterisation of nano TiO: and ZnO

3.2 Methods
3.2.1 Synthesis of nano TiO:

Sonication assisted sol-gel method was adopted for the synthesis of nano TiO:
particles. The precursor used was Titanium (IV) isopropoxide (TTIP). About 0.5 ml
of TTIP was added to a mixture of 2 ml ethanol and 2ml deionized water in a boiling
tube with constant stirring using a magnetic stirrer. The temperature of the system was
set to 50°C. pH 4 was maintained by adding drops of HNOs. The system was now
moved to an ultrasonic probe sonicator (750 W), sonicated for two hours and
centrifuged. The settled white precipitate was separated and washed with deionized
water several times. Nano particles of TiO: collected were dried and calcined at
400°C for 5 hours. The synthesised nano TiO> was characterized and used as the

photocatalyst for the photodegradation of PS?2%,

3.2.2 Synthesis of ZnO

Synthesis of ZnO was carried out by three different techniques which resulted in
ZnO structures with three different morphologies and particle dimensions. Sonication
assisted precipitation method; hydrothermal method with uncontrolled hydrolysis and
hydrothermal method with controlled hydrolysis were employed for the synthesis of

ZnO as explained below.

Sonication assisted precipitation _method:- 0.65 g of Zn(NO3)2.6H,O was

dissolved in 25 ml distilled water. The solution was stirred over a magnetic stirrer
vigorously to which liquid ammonia was added dropwise. Slow addition of ammonia
solution was carried out until the pH of the solution turned out to be 7.5 where
precipitation of Zn(OH), was assumed to be complete. The system was now subjected
to ultrasonic probe sonication for an hour followed by filtration and washing with
distilled water. The ZnO powder hence obtained was dried at 80°C for 24 hours and
calcinated at 400°C for 5 hours.
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Hydrothermal method with uncontrolled hydrolysis:- The same procedure used in

precipitation method was repeated in order to obtain turbid solution at pH 7.5. The
solution was now transferred into a 50 litre vertical autoclave with distilled water
filled up to optimum level. The system was autoclaved for 12 hours at temperature
130 °C. This was now filtered, dried at 80°C for 24 hours and calcinated at 400°C for

5 hours.

Hydrothermal method with controlled hydrolysis:- The same procedure mentioned

above was repeated with a change in the autoclave setup. The turbid solution at pH
7.5 was autoclaved in a 25 ml Teflon lined hydrothermal autoclave. The quantity of
water in the autoclave was exactly 25 ml. The solution was autoclaved for 12 hours at
130°C followed by filtration, drying and calcination under the same condition as
mentioned above to obtain white powder of ZnO%.

ZnO synthesised through all the three techniques were characterized.
3.3 Results and Discussion

3.3.1 Powder XRD
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Figure 3.1.1. XRD pattern of nano TiO: particles

The powder XRD pattern of TiO> synthesised by sol-gel method (Figure.3.1.1)
exhibited strong diffraction peaks at 26 = 24.94° (101), 37.44° (004), 47.70° (200),
53.64° (105), 54.73° (211), 62.40° (204) and 74.80° (215) corresponding to the
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anatase phase of TiO.. The diffraction peaks observed at 26 = 27.07° (110), 35.71°
(101), 40.89° (111), 68.50° (301) and 69.95° (112) indicated the presence of rutile
phase of TiOz in a lower percentage®* . The percentage of anatase and rutile phases
of TiO existing in the composites were determined by Spurr equations (equation 3.1

and 3.2)%.

(3.1)

Percentage of anatase phase, A% = 100
s P {1+ 1.265 ()
A

Percentage of rutile phase, R% = 1 3.2
s P / {1+08(:4)) 6.2
R

Where 14 represents the intensity of anatase (101) peak and Ir represents the rutile

(110) peak of TiO,. The percentage of anatase phase TiO> obtained was 91.8 and that

of rutile phase was 8.2 %.
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Figure 3.1.2. XRD pattern of nano ZnO particles

ZnO powder synthesised through precipitation as well as hydrothermal methods
gave similar XRD patterns (Figure 3.1.2). The XRD pattern of ZnO consisted of
peaks at 26= 31.97° (100), 34.62° (022), 36.45° (101), 47.71° (102), 56.75° (110),
63.01° (103), 66.48° (100), 68.05° (112), 69.18° (201), 72.70° (004), 77.00° (202).
The pattern corresponds to hexagonal wurtzite structure of ZnO. Crystallite sizes of
the synthesised TiO2 and ZnO particles were calculated using the Debye Scherrer’s

formula (Equation 3.3)**%.
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D = (k-A)/(B.CosB) (3.3)
Where
D = Crystallite size (nm)
k = Shape-sensitive coefficient (0.89- For spherical spheres)
A = Wavelength of the X-ray beam (0.15406 nm for Cu-Ka radiation)
B = Full width at half maximum (FWHM) of the peak under consideration
0 = Diffracting angle

The average crystallite size of TiO» particles calculated using Debye Scherrer’s

formula was 18.9 nm and that of ZnO was 30.7 nm.

Interplanar distance (d spacing) was calculated for each plane of the synthesised

TiO; and ZnO using Bragg’s equation (equation 3.4)
A = 2dsin® (34)
The values of d spacing are as tabulated below (Table 3.1).

Table 3.1. Interplanar distance d corresponding to each 26 angles of TiOz and ZnO

TiO2 ZnO

20° d (A) 20° d(A)
24.94 3.57 31.97 2.80
27.07 3.29 34.62 2.59
35.71 2.51 36.45 2.46
37.44 2.40 47.71 1.90
40.89 2.21 56.75 1.62
47.70 1.91 63.01 1.47
53.64 1.71 66.48 1.41
54.73 1.68 68.05 1.38
62.40 1.49 69.18 1.36
68.50 1.37 72.70 1.30
69.95 1.34 77.00 1.24
74.80 1.27

3.3.2 FESEM-EDX

From the FESEM image of the synthesised TiO; it could be observed that the
synthesised TiO; existed as nano particles. The spherical morphology adopted by
TiO, particles with particle diameter =25 nm (as determined through image j

software) is given in Figure 3.2.1 A. Energy dispersive X-ray (EDX) pattern clearly
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confirmed the fact that the synthesised nano TiO» particles contained no other
impurities (Figure 3.2.1 B). The EDX peaks corresponding to titanium were observed
at 4.51 (Kal), 4.93 (K1) and 0.45 (Lal) keV and that of oxygen at 0.53 (Kal) keV.

Atomic percentages of titanium and oxygen present in TiO» were 19.94 % and 83.06

% respectively according to the EDX pattern.

Element Weight% Atomic %

0 621  83.06
Ti 379 16.94

10

Element Weight% Atomic %
(o] 25.25 57.96
Zn 74.77 42.04

100 nm EM’IIDDDW Signal A = SE2 ) ZELSS] p 5 10 18 -
I WD = 9.1 mm =1 Full Scale 2937 cts Cursor: 0.000 ke

Figure 3.2.2. FESEM image of ZnO synthesised through: Precipitation method (A)
Hydrothermal method (uncontrolled hydrolysis) (B) Hydrothermal method (controlled
hydrolysis)(C) and EDX pattern of nano ZnO (D).
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ZnO synthesised through three different synthetic approaches were analysed
through FESEM. ZnO synthesised through precipitation method resulted in particles
which resembled spheres with irregular edges. As could be seen in Figure 3.2.2 A, the
size of the ZnO particles synthesised through this method ranged from 50 to 110 nm
with majority of the particles lying in nanometer dimension (<100 nm). Hydrothermal
method with excess of water (uncontrolled hydrolysis) adopted for the synthesis of
ZnO on the other hand resulted in perfect hexagonal rod shaped structures (Figure
3.2.2 B). Lengths of the ZnO rods were non-uniform and ranges between 0.4 to 5 um
while the thickness of the rods ranges from 250 to 445 nm. ZnO synthesised using
hydrothermal method with controlled hydrolysis resulted in nano particles of spherical
morphology with diameter =70 nm (Figure 3.2.2 C). Controlled hydrolysis was done
in a Teflon lined autoclave at a temperature of 120°C. The fact that uncontrolled
hydrolysis lead to crystal growth of ZnO whereas controlled hydrolysis resulted in
spherical nano structures at 120° C under high pressure were hence clear from the
FESEM images. EDX analysis of all synthesised ZnO gave similar pattern which
confirmed the presence of zinc and oxygen atoms with no other impurities (figure
3.2.2 D). EDX peaks corresponding to zinc were observed at 1.02 (Lal, LB1 and L3
overlap), 8.62 (overlap of Kal and Ka2 overlap) and 9.58 (KB1 and KB2 overlap)
keV. Peak corresponding to oxygen was observed at 0.53 (Kal) keV.

3.3.3 FTIR Analysis
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Figure 3.3. FTIR spectra of nano TiO> and nano ZnO
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FTIR spectra of synthesised nano TiO> and nano ZnO is as given in the figure
below (Figure 3.3). In addition to Ti-O stretching band (in TiO2) and Zn-O stretching
band (in ZnO), bands corresponding to H>O, -OH and CO> were also observed. The
fact that nano ZnO and nano TiO, adsorb water, carbon dioxide and hydroxyl ions
from the atmosphere was hence clear. The adsorbed H,O, OH and CO> played an

important role in the photocatalytic activity of these nano particles under UV radiation

(explained section 3.5)

3.3.4 UV-visible Diffused reflectance spectroscopy (UV-DRS)

14

12 () @) ZnO
o (b)——TiO,
Q 1.0 A
S os- x

] L

3 061
o) ]
<€ 04

0.2-

00 +——m— T 1 v Tt 1 T T T T T T T T 7

200 300 400 500 600 700 20 25 30 35 40 45 50 55 60
Wavelength(nm) hv (eV)
| M
@
/
> 1

> =

£ »

[72] >

> @——2Zn0| «

N i o~

> (by——TiO, >

< =

i ©

IC L

] ]

20 25 30 35 40 45 50 55 60 20 25 30 35 40 45 50 55 60
hv (eV) hv (eV)
Figure 3.4. A): Absorption spectra of TiO:> and ZnO, B): Plot of F(R) versus hv C):
(F(R)hv)? versus hv representing the direct allowed Eg and D): (F(R)hv)"? versus hv
representing the indirect allowed Eg of TiO: and ZnO.

UV-DRS of synthesised TiO> as well as ZnO exhibited its characteristic
absorption in the UV region (A<400 nm). No absorption was observed in the visible

region (400-800 nm) (Figure 3.4 A). Determination of optical bandgap energies (Eg)
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of TiO2 and ZnO was done by the application of Kubelka-Munk function (K-M or
F(R)) in Tauc method®*%. Reflectance spectra of the composites obtained through
UV-DRS were used for E; determination. Kubelka-Munk function (F(R)) is given by

_ (1-R)?

F(R) = 2R

(3.5)
where ‘R’ is the reflectance.

F(R) was plotted against energy (hv) in eV and the bandgap energy (Eg) was
determined from the plot obtained by extrapolating the linear portion of the curve to
the x-axis (Figure 3.4 B). The Eg determined from the plot F(R) v/s hv was

irrespective of transitions (direct/indirect, allowed/forbidden).

In order to determine the E, of a particular type of transition, F(R) is substituted in
Tauc method. Extinction coefficient (o) is related to photon energy and optical
bandgap through equation (3.6) according to Tauc method.

A(hv- Eg)"
o=—>= "

— (3.6)

Where A4 is a constant, hv represents the energy of photons, coefficient (n) is
associated with corresponding electronic transition (n=2 for indirect allowed and
n=1/2 for direct allowed Eg). F(R) being proportional to a, the following equation
(equation 3.7) could be arrived.

A(hu- Eg)"

F(R) = -

(3.7)

Equation 3.5, known as modified Kubelka-Munk function were used to
determine the Eg of TiO: of particular transition through the plot of (F(R)hv)" v/s hv.
The plot (F(R)hv)*> versus hv represents direct allowed transition (Figure 3.4 C)
whereas (F(R)hv)!'? versus hv represents indirect allowed transition (Figure 3.4D).
Modified Kubelka-Munk function also holds further scope for determination of Egs
corresponding to other type transitions just by substituting the exponential factor »
with corresponding values which is insignificant in this piece of work. The tabulated
values of Egs determined for TiO2 and ZnO particles using the three methods were as

tabulated in the following table (Table 3.2).
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Table 3.2. Optical bandgap energies (Egs) of nano TiO; and nano ZnO

Method Transition Type Optical Bandgap energy in eV
Nano TiO; Nano ZnO
F(R) vs hv Irrespective of transitions 3.16 3.2
(F(R)hv)? vs hv Direct allowed 3.22 3.25
(F(R)hv)'? vs hvo Indirect allowed 3.18 3.27

It could be concluded from the comparative values of Egs that nano TiO> has
lower E; compared to nano ZnO. The excitation of electrons from valence band to

conduction band in TiO: requires lesser energy compared to that of nano ZnO.

Section 11
Photodegradation of polystyrene using nano TiO: and nano

Zn0O

PS and PS loaded with TiO2 or ZnO were prepared using solvent casting method
as described in chapter 2. PS, PS-TiO2 and PS-ZnO composite specimens were also
moulded for mechanical and electrical measurements. All the specimens were
subjected to UV irradiation. The samples were monitored at regular intervals and the

results are as presented below.
3.4 Results and Discussion

3.4.1 Gel permeation chromatography (GPC) analysis

Gel permeation Chromatography analysis of PS, PS-ZnO and PS-Ti0O; was used to
determine their average molecular weights ie., weight average molecular weight (M,,)
and number average molecular weight (M,). PS, PS-ZnO and PS-TiO> composites
were subjected to GPC measurements after regular intervals (200 hours) of UV
exposure. Average molecular weights of the specimens were measured by GPC and
from these data, polydispersity index (PDI), chain scission per macro molecule (S)
and number of scission events per gram (N;) were determined using the equations

given below (Equations 3.8, 3.9 and 310).
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Average chain scission per polymer macro molecule S = [% — 1] (3.9)
nJ
Number of scission events per gram of polymer Ni= [_; - ] (3.9
(Mp),  (Mp),

2

Polydispersity index PDI = == (3.10)

E]

Where M, and M,, represents number average and weight average molecular
weights of PS respectively. (M, )o and (M,); represents number average molecular

weight before and after # hours of UV irradiation respectively.

Decrease in average molecular weights were observed in PS as well as PS-
composites under study (figure 3.5.1 A & B). Decrease in molecular weights of the
polymer specimens could be attributed to the polymer chain scission which in turn

was a consequence of polymer degradation on UV exposure.
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Figure 3.5.1. A): Weight average (M,,) and B): number average (M,) molecular
weights of PS and PS-3% TiOz composite under different UV irradiation time

The increasing value of S and N; on irradiation (determined using equations 3.8
and 3.9) pointed out the extent to which chain scission had taken place in the polymer
specimens on different UV exposure time intervals (Figure 3.5.2 A and B). Decrease
in average molecular weights and increase in polymer chain scission were more

predominant in PS-TiO2 composites compared to pristine PS and PS-ZnO composites.

The polydispersity index PDI (calculated from equation 3.10) of the polymer

specimens increased with the increase in UV exposure time (Figure 3.5.3). The
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increase in the values of PDI reflected the increase in randomness of polymer chain

scission. In other words irregular chain breakages lead to the formation of

macromolecules of varying molecular masses. It was also clear from GPC data that

PS-TiO, composites underwent predominant mass loss as well as better chain

breakage compared to pristine PS and PS-ZnO. Accounting these facts it could be

concluded that TiO, acted as a good photocatalyst for the degradation of solid phase

PS.
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3.4.2 FTIR Spectroscopy

Changes in chemical structures of the polymer specimens at regular intervals of
UV irradiation were investigated through FTIR spectroscopy. Photodegradation of PS
and PS composites were further confirmed by FTIR spectroscopy. For the PS and PS
composites under study, it was found that the intensities of peaks corresponding to
carbonyl (>C=0), hydroxyl (-OH)/ hydroperoxy (-OOH), carbon- carbon double bond
(>C=C<), conjugated carbon-carbon double bonds etc stretching vibrations have
increased with respect to UV irradiation time. It was also clear from the FTIR spectra
that all the functional groups and multiple bonds formed were associated with the PS

main chain and not on phenyl rings (Figure 3.6.1, 3.6.2 and 3.6.3).

From the FTIR spectra, it was found that pristine PS and PS composites before
and after UV irradiation of regular intervals (200, 400, 600, 800 and 1000 hours)
showed characteristic peaks of phenyl ring at around 691 cm™, 752 cm™!, 905 cm™! and
1027 cm™ with no change in their intensities. These bands attributed to the C-H out of
plane bending frequencies of the phenyl ring. The peak at 1448 cm™! corresponding to
aromatic carbon-carbon double bond stretch (Ar-C=C- stretch) also showed no change
in peak intensity. The above observations show that phenyl rings of PS remain intact

after UV irradiation.
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Figure 3.6.1. FTIR spectra of PS after different UV exposure time intervals ranging
from 0 h to 1000 h
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Figure 3.6.2. FTIR spectra of PS-3%TiO: after different UV exposure time intervals
ranging from 0 h to 1000 h
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Figure 3.6.3. FTIR spectra of PS-3%Zn0O after different UV exposure time intervals ranging
from 0 h to 1000 h

An increase in the intensity of bands corresponding to carbonyl frequencies
ranging between 1750 to 1650 cm™ were observed upon the increase in UV
irradiation time. These observations clearly revealed the fact that there was formation
and increase in the intensities of carbonyl (>C=0) stretching bands (1740- 1700 cm™)
as well as carbon- carbon double bond (>C=C<) stretching bands (1680-1650 cm™)

upon UV irradiation. The increase in vibrational bands observed at around 1630-1600
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cm™! could be assigned to conjugate multiple bond formation upon UV irradiation
which was further supported by UV-DRS analysis explained in section 3.4.3 below.
The intensity of bands corresponding to hydroxyl and/or hydroperoxy groups (3700-
3600 cm) also showed an appreciable increase during UV irradiation. Formation of
new -OH /-OOH groups upon UV irradiation was established from this observation.
The two parameters affecting the increase in the intensities of oxygen containing
functional groups and multiple bonds as discussed above were UV irradiation time as
well as photocatalyst loading concentrations. FTIR spectra of PS loaded with varying
weight percentages of nano TiOz (0%, 0.5%, 1%, 2% and 3%) were also analysed. It
was concluded that as the percentage of nano TiO; loading increased, enhancement in
the absorption bands corresponding to -OH, -OOH, >C=0, >C=C<, conjugated
carbon-carbon double bonds etc took place for a particular UV irradiation time. Since
excess Ti0O: loading (>3% by weight) inversely effected the mechanical properties of
PS composite (discussed in section 3.4.6 below), TiO; loading was optimized to be
3% by weight, throughout the study. As the entire study is based on comparison
between the efficiencies of various photocatalysts for effective photodegradation of
PS, The catalytic loading percentages throughout the entire study was focused on 3

weight percentage.

The following conclusions were drawn from the observation made from FTIR
spectra. The increase in intensities of >C=0, -OH, -OOH, Ph-C=0 etc., functional
groups suggested that photo-oxidative mechanism has taken place upon UV
irradiation. Increase in the intensities of bands corresponding to >C=C< stretch,
conjugated >C=C<, =C-H bend etc suggests that chain and/or bond scission ( due to -
C—C- or -C-H bond breakage) had taken place (as evident from GPC and supported by
UV-DRS). Since there was no change in aromatic >C=C< (stretch) and aromatic -C-H
(out of plane bend), it was clear that the phenyl ring remained intact upon UV
irradiation. Photo-oxidative degradation of PS-TiO2 and PS-ZnO composites took
place in a more accelerated way compared to pristine PS upon UV irradiation
highlighting the efficiency of nano TiO» and nano ZnO catalysts. PS-TiO> composite
(Figure 3.6.2) exhibited predominant photo-oxidative degradation of PS compared to
PS-ZnO composite (Figure 3.6.3) confirming the better efficiency of nano TiO:

compared to nano ZnO.
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The observations and conclusions made from FTIR spectra is tabulated below

(Table 3.3)

Table 3.3. Important observations made from FTIR spectra of PS and PS-composites.

| i Change in intensity up
IR vibration peaks : Assigned functional groups
: : on UV irradiation

3700-3600 cm’! Free —-OH/-OOH Intensity increased
"1'7'21'6 1700 em™ >C =Ostretch ’é"'ii{{éﬁ'si&' increased
"1'63'6 1650 cm™ éLm>_6_(_3_<"§£r_e_£c_fl """""""" Jé___iﬁt_e_ﬁ_siigl_it_l_c_r_ééé_e_(i """"
'"1'65'6 1600 cm™ | Conjugated >C=C< stretch _é____Ii{t_e_r_l_s_liil_ir_l_c_r_ézi;e_(i_mmé
"1'4'5'2' e, 1600 em | Aromatic >C—C< stretch No change |

bend)
'830ecm® | Conjugated>C=C<bend : Intensity increased |
' 650em™ . =C-Hbend | . Intensity increased |

343 UV-visible Diffused Reflectance Spectroscopy (UV-DRS)

UV-visible diffused reflectance spectra (UV-DRS) of pristine PS, PS-TiO> and
PS-ZnO showed notable changes in their characteristic absorption bands upon UV
exposure (Figure 3.7.1 A, B & C). An appreciable decrease in the absorption peaks of
the polymer specimens under study were observed in the UV region (between 230-
400 nm) with respect to the increase in UV irradiation time. This observable
hypochromic effect reflected degradation of polymer chain. As evident from FTIR
spectra explained above the increase in >C=0 (n—>7*) absorption bands with UV
exposure time could not be identified over this area (230-290 nm) due to their low
intensity. Depletion of polymer chain lead to a decrease in the absorption bands that
dominated the formation of >C=0O groups which should otherwise have caused an
increase in intensity (due to n=>7* transition) over this area (230-290 nm). The region
of UV spectra with wavelength below 230 nm showed an increase in absorption bands

with respect to UV irradiation time. This hyperchromic effect could be due to the
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increase in the absorption bands of -OH (n>n*), >C=0 (n >=n*) and >C=C< (n

—>7*) functional groups upon irradiation. Another striking trend observable from the

UV-vis spectra was an increased bathochromic shift (red shift) and slight increase in

absorption intensity in the visible region with respect to the irradiation time for all

specimens. Formation and increase in conjugated double bonds between carbon atoms

was evident from this observation. The observable trends as mentioned above of UV

DRS were predominant in PS-TiO; composites. UV DRS hence supports the fact that

TiOz is a better catalyst compared to ZnO for the photodegradation of PS under UV
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Figure 3.7.1. UV-DRS of PS (4), PS-3%TiO: (B) and PS-3%Zn0 (C) at regular UV

irradiation intervals and their degradation percentages (D%).

The percentages of photodegradation (D%) at each time interval of UV

irradiation were calculated using equation 3.11 from UV-visible spectra.
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Aog—A
Ao

D% = (*=*) X100 (3.11)

Where Ao and A represents the absorption maxima of the polymer specimens

before and after UV irradiation respectively.

D% was found to be higher for PS-TiO> composites compared to PS-ZnO and
pristine PS (Figure 3.7.1 D). The D% of PS, PS+3%Zn0O, PS+3%TiO; after 1000
hours UV exposure was 9.63, 10.56 and 12.62 % respectively. In other words the
degradation efficiency of photodegradation of PS has increased upon loading it with

ZnO or TiOx.
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Figure 3.7.2. Optical bandgap energy determination from the plot of (ahv)’ v/s hv
for PS (4), PS-3%(TiO:z) (B) and PS-3%7Zn0) (C) subjected to different UV exposure

time intervals ranging from 0 h to 1000 h

Optical bandgap energy (Eg) of PS, PS-TiO> and PS-ZnO films before and after
UV irradiations of different intervals were determined using Tauc relation (Equation

3.12)%4,
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ahv=A(hv-Eg)" (3.12)

Where a is the absorption coefficient, hv is the energy of photon in eV (h= Plank’s
constant and v = frequency of radiation), A is a constant (different for different
transitions), E, is the bandgap energy and the index n is assumed to have different
values corresponding to different electronic transitions (n= 2 for direct allowed

transition and n=2 for indirect allowed transition)

A plot of (ahv)® versus hv gave the direct allowed bandgap energy (Eg) of PS as
well as PS composites, on extrapolating the linear portion of the curve to the X axis
(where 0=0) (Figure 3.7.2). The Egs for PS as well as PS-composites showed a
decrease in value upon increase in the time of UV irradiation. Eg of PS, PS-3% TiO:
and PS-3% ZnO were determined to be 4.43, 3.93 and 4.04 eV respectively. The
decrease in Eg of PS-TiO2 and PS-ZnO composites in comparison with pristine PS

was hence clear.

3.4.4 Scanning electron microscopy (SEM)
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Figure 3.8. SEM image of PS-3%TiO: and PS-3%Zn0 respectively before (a & c)
and after (b & d) UV irradiation of 1000 h
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The change in surface morphology of the UV irradiated PS composites as a
consequence of photodegradation was observable from their SEM images. Figure 3.8
a & c represents the SEM images of PS-3%TiO2 and PS-3%ZnO respectively before
UV irradiation and figure 3.8 b & d show these composites after 1000 hours of UV
exposure. The increase in the surface roughness upon UV irradiation as a result of

photodegradation could be clearly identified from figure 3.8 b &d when compared
with figure 3.8 a and c.

3.4.5 Thermogravimetric Analysis (TGA)
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Figure 3.9. TGA thermogram of PS, PS-3%TiO>, PS-3%Zn0O before and after UV
irradiation of 1000 h

TG analysis was conducted in an inert atmosphere by circulating nitrogen gas
continuously through the sample holding crucible. From the TGA thermogram it was
observed that the decomposition temperature of PS-ZnO and PS-TiO> composites

were higher compared to that of pristine PS (Figure 3.9).
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The first stage of weight loss for PS and PS-composites observed at a temperature
around 118°C may attribute to the desorption of water molecules. The decomposition
temperature of PS observed at 252-394°C increased for the PS composites (269-
380°C for PS+3% ZnO composite and 272-407°C for PS+3% TiO> composite). The
increase in decomposition temperature of PS composites highlighted the fact that the
thermal stability of PS has increased upon nano ZnO and nano TiO> loading. It was
also observed that decomposition temperature of UV irradiated PS and PS composites
decreased appreciably compared to their unirradiated counterparts. UV irradiation of
PS and PS-composites lead to the breakage or weakening of polymer chains, resulting
to a decrease of decomposition temperature. PS loaded with ZnO and TiO» catalysts
exhibited higher thermal decomposition compared to pristine PS under UV
irradiation. Higher thermal decomposition rate under UV irradiation was observed in
PS-TiO2 composite highlighting the fact that nano TiO, has caused better

photodegradation over the PS matrix compared to nano ZnO.

3.4.6 Mechanical Properties of PS, PS-TiOz and PS-ZnO composites

Flexural and tensile properties of PS and PS composites were determined using a

universal testing machine (UTM) before and after UV irradiation of certain intervals.

The stress-strain graph (Figure 3.10.1) of PS, PS-TiO> and PS-ZnO looked similar
with no visible area under the curve. This observation could lead us to the conclusion
that PS and PS composites under study were strong but not very tough. If the polymer
specimens were tough and elastic, a smooth curve of higher surface area would have
been observed instead of steep slope with sudden break. PS composites of nano TiO»
and ZnO showed enhanced tensile property compared to pristine PS. The value of
tensile strength of pristine PS observed at 52.92 MPa was found to have increased
with the increasing percentage of nano TiO: loaded up to 3% by weight (tensile
strength=53.23 MPa). At 5% by weight of nano TiO> loading the value of tensile
strength showed a decrease in value (52.95 MPa) instead of increasing (Figure 3.10.2
A). Due to this reason, 3% nano TiO; loading in PS was considered to be the optimum
catalytic concentration and throughout the study 3% catalyst loading was considered
for various other investigations regarding photodegradation studies. A comparison of
tensile properties of PS, PS-3% ZnO and PS-3%TiO; was made and it was found that
the value of tensile strength found to be 52.92 MPa in PS increased up to 53.12 MPa
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in PS-3% ZnO and 53.23 MPa in PS-3%TiO; composite. The enhancement in the
tensile property suggested strong binding between nano TiO» /nano ZnO particles and
PS chains preventing an easy break. PS loaded with nano TiO2 or nano ZnO could
enhance the strength of PS but could not enhance its toughness as evident from the
steep stress-strain plot with almost no area under the curve. The superior mechanical
properties demonstrated by PS nano composites over pristine PS promises the scope
of their wide applications in various sectors where strength of the polymer material
remains primary concern. The tensile strengths of PS, PS-TiO2 and PS-ZnO decreased
as the time of UV irradiation increased (Figure 3.10.3 A). The decrease in tensile
strength attributed to the weakening or cleavage of bonds in polymer chain as a
consequence of photodegradation upon UV light exposure. Nano TiO; and nano ZnO
loaded PS composites underwent better decrease in tensile values under UV
irradiation. Maximum decrease in the tensile strength upon UV irradiation was
observed in PS-TiO> composites compared to pristine PS and PS-ZnO composites

under study.

Flexural properties of PS and PS composites displayed similar trend as that of
their tensile properties. Here too an enhancement in the flexural strength of PS was
observed as the percentage of nano TiO; loading increased (Figure 3.10.2 B). The
flexural strength observed for PS at 82.98 MPa increased drastically to 86.96 MPa in
PS-3% ZnO and to 87.24 MPa in PS-3%TiO, (Figure 3.10.3 B). UV exposure
resulted in a decrease in the values of flexural strengths as observed in the case of
tensile strengths of the specimens. Maximum decrease in flexural strength upon UV
irradiation was observed in PS-TiO, composites compared to other specimens under

study, as observed in the case of tensile strength.

Depletion of mechanical property as a consequence of chain degradation was
clearly understood from the above observation. The fact that nano TiO, and nano ZnO
acted as good photocatalysts leading to photodegradation of PS was further supported
by the study of mechanical properties of the composites. Nano TiO> proved to be
more efficient compared to nano ZnO for the degradation of PS photochemically.
Deterioration of mechanical properties of PS composites upon UV irradiation leads to

their easy destructions in an accelerated way.
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Figure 3.10.1. Stress-strain plot of pristine PS
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composites exposed to UV radiation for 0, 400 and 1000 h

3.4.7 Electrical Properties of PS, PS-TiOz and PS-ZnO composites

Dielectric breakdown or Breakdown voltage (BDV) and dielectric permittivity of

the polymer specimens were measured. BDV of the polymer samples measured in
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alternating current of frequency 50Hz is as illustrated in Figure 3.11.1. The BDV of
PS before UV irradiation was determined to be 25.17 kV/mm. The BDV of PS-TiO;
and PS-ZnO composites showed an increased value having 30.03 and 29.11 kV/mm
respectively. The increased value of BDV of PS-TiO; and PS-ZnO composites
indicated the existence of electron trapping and scattering interfaces between the
polystyrene matrix and nano TiO2/ZnO particles**. The dielectric breakdown of all the
specimens decreased upon UV irradiation. The decrease in BDV with respect to UV
irradiation time could be attributed to the formation of charge centers due to
photodegradation. As evident from FTIR spectra, UV- DRS and GPC, the PS chain
underwent chain scissions and photo-oxidation upon UV irradiation which had taken
place through various ions/radical intermediates leading to the accumulation of charge
centers over the polymer matrix. The charge centers formed along the polymer chain
as a consequence of photodegradation lead to the flow of electric current much easier
through the polymer matrix resulting in the breakdown of the specimens at
comparatively lower voltage applied (lower BDV)*. Decrease in the BDV upon UV

irradiation was predominant in PS-TiO> composite compared to PS and PS-ZnO

composites.
33 Za
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Figure 3.11.1. Dielectric breakdown (breakdown voltage) of PS, PS-3%TiO: and PS-
3%7Zn0 at varying UV irradiation time

Dielectric permittivity (&) of the polymer specimens were calculated from their

determined capacitance value using equation 3.13%34,

C=¢¢ (4/) (3.13)
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Where, C is the capacitance; ¢, is the dielectric permittivity; &, is the dielectric
permittivity of free space (8.854x107!2 F/m); 4 is the area and ¢ is the thickness of the

polymer specimens.

The composites (PS-TiO; and PS-ZnO) exhibited better dielectric permittivity (&)
compared to that of pristine PS (Figure 3.11.2). The ¢, of PS as well as PS composites
increased upon UV irradiation. The formation of charge centers/dipoles as a result of
photodegradation of PS resulted to an increase in & which could most predominantly

be seen in PS-TiO> composite compared to the other specimens.
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Figure 3.11.2. Dielectric permittivity of PS, PS-3%TiO: and PS-3%7Zn0 at UV
irradiation intervals of 0 h,400 h and 1000 h.

3.4.8 Weight loss measurement

Weight loss of pristine PS as well as PS-composites was measured regularly after
200 hours of UV exposure time under same conditions. A considerable weight loss
was observed in the samples with increase in the time of exposure. It was also found
that the weight loss of TiO2 loaded PS was found to be higher compared to that of PS-

ZnO and pristine PS as shown in Figure 3.12. The observed weight loss may be due to
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the escape of volatile species during the photodegradation process. Diffusion of He,
Oz, OHe and OH>* radical species created upon UV light exposure of the composites
(as discussed in the forthcoming section 3.5) could diffuse through the polymer
matrix leading to the formation of carbon centered radicals*’. Successive radical
interactions result in polymer chain cleavage with oxygen getting incorporated to the
carbon center causing evolution of gases like CO,, CO etc*®. The interaction of He

and Oz¢ could also lead to the formation and evolution of H>O molecules.
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Figure 3.12. Weight loss percentages of PS, PS-TiO: and PS-ZnO Composites at

regular intervals of UV irradiation

3.4.9 Visual observations

Figure 3.13. PS-TiO: composite before UV irradiation (4) and after UV irradiation
of 1000 h (B)

A slight yellowing and loss of transparency was observed in UV exposed PS and

PS_.composite sheets. UV exposure of the specimens also resulted in increased
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brittleness. Increased surface roughness and accumulation of yellow powders of
depleted polymer layers could also be observed over the surface. These physically
observed facts suggested that a change in optical and mechanical properties of PS as

well as PS composites had occurred as a consequence of UV irradiation (Figure 3.13).
3.5 Mechanism of Photodegradation of PS under UV radiation

Table 3.4 highlights the important observations and conclusions drawn from
various monitoring techniques of PS, PS-TiO> and PS-ZnO photodegradation
explained above based on which the mechanism of photodegradation was proposed.
In general, we could conclude that photo-oxidation mechanism has taken place as

revealed by FTIR spectra.

Table 3.4. Observations and conclusions made from GPC, FTIR spectroscopy, UV-

DRS, electrical studies, weight loss measurements and SEM.

Observations (with the increase
in UV exposure time)

Conclusions

GPC

e Decrease in M,, and M,

e Increase in no: of chain scission
per macro molecule (S)

e Increase in scission events per
gram (N)

e Decrease in mechanical
properties of PS (Tensile &
Flexural strengths)

-C-C- or -C-H bond of the polymer
chain has ruptured upon UV
exposure

Scission of polymer chains was
random

Electrical Studies
e Dielectric strength (BDV) has

Formation of charge centers

decreased Decrease in the capacitance property
e Dielectric constant has

increased
FTIR

e Increase in the intensity of
peaks corresponding to >C=0, -
OH, -OOH, >C=C<, conjugated
>C=C<etc

e No change in the intensity of
peaks corresponding to
phenolic stretch or bend.

Formation of new >C=C< linkages
Formation of new >C=0 groups
Formation of new —OH, -OOH etc.
groups

Formation of new >C=C-C=C-C=C<
(conjugation)

Phenolic ring remains intact

UV-DRS
e Decrease in characteristic Loss of characteristic absorption of
absorption peaks of PS. PS due to photodegradation.
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e Peaks have shifted towards e Red shift (Which could also be
higher wavelength. observed as slight yellowing of PS
after irradiation)

Bandgap energy (Eg) calculations
e Reduces to lower energy e The ability of polymer specimens to
absorb UV radiation has decreased.

Thermal studies (TGA)
e Decrease in decomposition e Thermal stability has decreased due
temperature to chain scission within PS

Weight loss measurements

e Weight loss was observed e Loss of volatile species/gases formed
as a consequence of photodegradation
of PS

SEM e Change in surface morphology of PS

FavaVaVavVales

Figure 3.14.1. Possible -C-C- and/or -C-H- bond scissions at various sites of PS.

Mechanism of photodegradation of PS followed random pathways due to the
multiple possibility of bond breakage, bond recombination, addition or elimination of
various atoms. Based on all the above observations summarised in Table 3.4 the

following mechanism could be considered.

Photodegradation starts with the phenolic rings of PS absorbing UV radiation and
getting excited into singlet states and then undergoing an inter system crossing (ISC)

into excited triplet states. Various photochemical reactions originate from excited
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triplet state of benzene rings in PS. As evident from GPC data, -C-C- and/or -C-H-
bond scissions at various sites could be initiated (Figure 3.14.1). FTIR spectra shows
the evidence of formation of alkenic >C=C< double bonds and conjugated double
bonds. This could be possible when cleavage of -C-H bonds belonging to adjacent

carbons occur as represented in Figure 3.14.2.

Hy H
WALH,C ¢ WACHC | O~ e
H.C ) H,C
VL’Lq hv "’qu .
3 2H
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2
-
Mn.ru‘é o Ei \CH \C
. \C/ \“C |
hv
| HsC
H.C I
® e
2H +
Alkenic double bond
= C/ = -
H.C
VLIQ Conjugated double bond

Figure 3.14.2. Formation of C=C double bond and conjugated double bonds.

Formation of >C=0, -OOH, -OH etc., groups were also evident from FTIR
spectra. This could only be possible due to the adsorption of H,O and O, molecules
on the surface of PS. H>O and O> could also be trapped on PS as impurities during the
time of its manufacture. These molecules form reactive radicals or ions when

interacted with incoming UV radiations. The radicals or ions could further interact
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with PS chain forming macromolecular radicals or ions. The possible mechanism is as

illustrated in Figure 3.14.3.
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Figure 3.14.3. Formation of —-OOH, >C=0 and —OH.

Results of various analyses discussed above supported the fact that the rate of
photodegradation of PS increased in the presence of nano TiO> as well as nano ZnO
photocatalyst. It was also found that increase in the percentage of catalyst loaded to
PS matrix showed no observable shift (red or blue shift) in the characteristic IR bands
of PS. This observation made it clear that there existed no chemical bond between PS
and TiO,. The interaction between PS and TiO, was just physical. The mechanism of
photodegradation of PS-TiO> and PS-ZnO composite occurs not only by PS absorbing
UV radiations to get excited but also by nano TiO2 and nano ZnO particles absorbing

UV radiations creating electron-hole pair*’. Electrons get excited from valence band
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to conduction band leaving behind holes in valence band. Photocatalysis is possible
only when the newly created electron-hole pair interacts with external atoms or
molecules before recombining. Adsorbed O, molecules over the surface of ZnO or
TiO: interact with the excited electrons in conduction band to form ions such as O,
0,* etc. H2O or OH ions adsorbed on the surface of ZnO and TiO> results in the
formation of H*,OH®, OH etc species®. These newly created ions and radicals further
interacts with PS chain forming hydroxides, hydroperoxides, carbonyl compounds etc.
and the degradation process get propagated as illustrated through figure 3.14.1, 3.14.2
and 3.14.3.

3.6. Conclusion

Nano TiO; and ZnO particles were successfully synthesised and characterized.
Sonication assisted sol-gel technique resulted in nano TiO particles of spherical
morphology. ZnO synthesised through sonication assisted precipitation results in nano
ZnO particles resembling spheres with irregular edges. ZnO synthesis via
hydrothermal method (controlled hydrolysis) resulted in spherical nano ZnO particles
while that synthesised through hydrothermal method (uncontrolled hydrolysis)
resulted in hexagonal ZnO rods of length reaching up to micro scale. Crystal growth
occurred due to excess water resulted in larger size of these ZnO rods. XRD patterns
of TiO2 confirmed that anatase phase predominated over rutile phase. The synthesised
nano TiO; and nano ZnO particles were successfully loaded into PS matrix whose
photodegradation was studied in comparison with that of pristine PS.
Photodegradation had taken place in solid phase PS sheets when subjected to UV
irradiation (253 nm) under normal condition. Photodegradation of PS was
proportional to UV irradiation time. The rate of photodegradation was higher in PS-
TiO2 and PS-ZnO composites and the rate of degradation increased with the increase
in the percentage of photocatalysts loaded into PS matrix. The degradation of PS and
PS-TiO2 composite had taken place through photo-oxidative mechanism as evident
from the increase in vibrational peaks corresponding to >C=0, -OH, -OOH, >C=C<
and conjugated double bonds observed in FTIR spectroscopy upon UV irradiation.
Through UV-DRS, changes in regular absorption bands in the UV region were also
observed for PS, PS-TiOz and PS-ZnO composites upon irradiation. Weight loss of

PS-composites was more compared to pristine PS films upon increase in UV
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irradiation time. Tensile and flexural properties of PS as well as PS- composites
decreased with the increase in the time of irradiation. Dielectric strength of the
specimens increased with UV exposure time. The decrease in dielectric breakdown
values measured in AC at a frequency of 50 Hz suggested the formation of charged
centers upon UV irradiation. These results highlighted the fact that depletion in
mechanical, electrical and chemical properties has taken place as a result of UV
irradiation of PS, PS-TiO, and PS-ZnO composites. Better photocatalytic efficiency
for the degradation of PS was exhibited by nano TiO2 in comparison with nano ZnO

particles.
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Chapter 4
Accelerated Photodegradation of Polystyrene
Using Nano TiO:; and ZnO Surface Modified

with Polyaniline

Abstract

Polyaniline (PANI) was synthesised using chemical oxidation method by the
polymerisation of aniline in the presence of ammonium peroxodisulphate (APS), in
HCI1 medium. Composites of TiO2-PANI and ZnO-PANI were also developed using
the same method where aniline was polymerised over the surface of dispersed TiO> or
Zn0. TiO2-PANI/ZnO-PANI composites with 3, 10 and 30 mol percentages of PANI
with respect to TiO2/ZnO were prepared. XRD analysis proved that the crystal
morphology of TiO; as well as ZnO was retained in the composites. Strong molecular
interactions existed between PANI and TiO2/ZnO as evident from FTIR
spectroscopy, supported by UV-DRS. TiO>-PANI existed as dispersed particles
having crystal nature. ZnO-PANI composites however showed some aggregations.
All the TiO2-PANI and ZnO-PANI photocatalyst composites were loaded into PS
matrix whose photodegradation was studied in the presence of UV radiation. PS-
TiO2-PANI and well as PS-ZnO-PANI was mechanically stronger and thermally
more stable compared to PS-TiO; and PS-ZnO. PS-composites underwent photo-
oxidative degradation on UV irradiation. The mechanical, electrical and thermal
properties of the PS-composites showed variations upon UV irradiation. It was
evident that the photocatalytic efficiency of TiO» and ZnO was enhanced
considerably on coupling them with PANI. PS-TiO,-PANI underwent better
photodegradation compared to PS-ZnO-PANI.
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4.1. Introduction

One of the effective methods that could be employed for the enhancement of
photocatalytic activity of semiconductor metal oxide is coupling them with a suitable
conjugated system'. Inorganic semiconductors blended with conducting polymers
have gained much attention due to their widespread applications which include
photocatalysis®*. Conjugated polymers like polyaniline (PANI) have been of quite
interest to the researchers due to its astonishing chemistry and physics®. The
advantages of PANI include high stability in environment (due to conjugation), high
efficiency in carrying charges, low cost, ease for preparation etc. Due to these reasons
PANI has been adopted in various fields of applications including photochemistry,
electrochemistry, optics, biosensing etc®®. The photochemistry of semiconductor
metal oxides which are limited to UV region could be extended to visible region also
upon blending them with PANI. The extended m-conjugation of PANI which can
exchange charge carriers with semiconductor metal oxides to which they are blended
is the primary reason for this. TiO2 and ZnO are n-type semiconductors'® and PANI is
considered as p-type semiconducting polymer!!. The combination of p-type PANI
semiconductor with n-type TiO2 or ZnO semiconductors hence open up the path for
developing new hybrid composite with good capacitance property and stability'?.
TiO2-PANI and ZnO-PANI blends exhibit enhanced photocatalytic behaviour!*-¢,
PANI acts as photosensitizer that can enhance the photocatalytic efficiency of TiO»
and ZnO to which it is associated. As PANI could absorb in the UV as well as visible
region of the spectra, incorporation of PANI into TiO2> and ZnO particles could
reduce their band gap energies!’. Surface modified TiO, and ZnO using PANI could

hence bring about better quantum yield.

This chapter presents the photodegradation studies of PS using organo-inorganic
photocatalysts TiO>-PANI and ZnO-PANI under UV radiation. Different combination
of TiO-PANI and ZnO-PANI has been synthesized. Chemical oxidative
polymerization has been employed for the polymerization of aniline over dispersed
nano particles (TiO2 or ZnO). This method is quite simple and allows the

polymerization of polyaniline over the surface of nano particles.
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Section I
Synthesis and characterisation of TiO2-PANI and ZnO-
PANI composites

4.2. Methods

4.2.1. Synthesis of PANI

Polyaniline (PANI) was synthesized by chemical oxidative polymerization
method. 1.25ml of aniline was dissolved in 125 ml HCI (IM) solution in a beaker
(beaker A) and stirred for 15 minutes using a magnetic stirrer. 3.125 g of ammonium
peroxodisulphate (APS) was dissolved in 125 ml HCI (IM) in another beaker (beaker
B) and stirred for 15 minutes. Beaker ‘A’ was now taken into an ice bath. Contents in
beaker ‘B’ was now added drop wise into beaker ‘A’ with vigorous stirring. The
beaker was then kept under stirring for 12 hours. The contents in the beaker turned
dark blue after 10 minutes of stirring. The colour of solution was then transformed
into dark green after another half an hour. The dark green colour remained unchanged
thereafter. The green colour indicated the possibility of PANI existing as emeraldine
salt. The green coloured solid mass was filtered out from solution. This was then
washed using acetone followed by distilled water several times. The dark green solid

mass hence obtained was dried at 60°C for 12 hours and ground into fine powder!8-2!,

4.2.2. Synthesis of nano TiO2-PANI composites

Insitu polymerisation of aniline (via chemical oxidative polymerization) over
dispersed TiO2 was followed for the development of TiO2-PANI nano composite. The
number of moles of nano TiO: and aniline taken were varied in order to get
composites with varying mole percentages. In order to prepare TiO2-3% PANI
composite (3 mol % of PANI with respect to TiO), the following procedure was
adopted. Typically, 0.034 ml of aniline was dissolved in 35 ml (1M) HCI in beaker
‘A’ and stirred for 15 minutes. 0.966 g of nano TiO, was added into the beaker
slowly and by vigorous stirring. The mixture was now sonicated using probe
sonicator for 30 minutes. Simultaneously 0.086 g of APS was dissolved in 35 ml

(1IM) HCI and stirred for 15 minutes in another beaker (B). Beaker ‘A’ was now
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immediately transferred into an ice bath with vigorous stirring and the contents of
beaker ‘B’ was added drop wise into beaker ‘A’. The mixture was now stirred
vigorously for 12 hours. The green solid mass was filtered out from the solution,

washed with acetone followed by distilled water and dried for 12 hours at 60°C?2.

Similar procedure was used for the synthesis of TiO2-10% PANI and TiO2-30%
PANI composites. The mole percentages of the components taken were varied in each

casec.

The table 4.1.1 below represents the weights of various components added for the

Ti02-PANI composite preparation.

Table 4.1.1. Mole percentages and weights of the components in TiO>-PANI

composites
TiO, PANI Weight of Volume of Weight of
Composite Mole % Mole %  nano TiO; aniline APS in
® (ml) ®
TiO>+3%PANI 97 3 0.966 0.034 0.086
TiO>+10%PANI 90 10 0.886 0.114 0.286
Ti0>+30%PANI 70 30 0.657 0.343 0.857

4.2.3. Synthesis of nano ZnO-PANI composites

ZnO-PANI Composites were also developed adopting the same technique as that
used for the preparation of TiO>-PANI composites?>. Nano TiO has been replaced by
nano ZnO here. The table 4.1.2 below represents the weight of the components taken

along with their composition in ZnO-PANI composites.

Table 4.1.2. Mole percentages and weights of the components in ZnO-PANI

composites
Zn0 PANI Weight of Volume of Weight of
Composite Mole % Mole %  nano ZnO aniline APS in
® (ml) ®
ZnO+3%PANI 97 3 0.966 0.034 0.084
ZnO+10%PANI 90 10 0.888 0.112 0.280
Zn0O+30%PANI 70 30 0.663 0.337 0.841
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4.3. Results and Discussion

4.3.1. Powdered XRD
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Figure 4.1.1. XRD pattern of PANI

The X-ray diffractogram of the synthesized PANI observed at 20 angles 15.16°,
21.11° and 25.59° correspond to the characteristic crystal planes (011), (020) and
(200) of PANI respectively (Figure.4.1.1)**. These three broad peaks suggest that
PANI matrix exist as semi crystalline structures of very short termed orders. The
scattering of PANI chains along the inter planar spacing is the reason behind
broadening of the observed peaks mentioned above?®. The XRD pattern of
synthesized PANI also matches with the pattern of PANI-HCI salt available in the
literature?’. The peak at 20 =21.11° could be ascribed to the PANI chains arranged
parallel to each other (the characteristic distance between the two chains holding
benzene ring parallel to each other is highlighted through this peak) while 26 =25.59°
represents the perpendicular arrangement of the polymer chain®®. The relative higher
intensity of the 20 =25.59° peak in comparison with that of 20 =21.11° proves the
existence of PANI as emeraldine salt (doped with HCI)®. In addition to these three
peaks, another lesser intense broad peak observed at 26 = 9.03° signifies the highly
ordered structure (crystalline nature) of PANI where the d spacing is high?’. The
penetration of dopants into the PANI matrix results in such an increased crystallinity

due to the increase in the d spacing®®. Crystallinity also arises as a consequence of
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repeated benzenoid and quinoid rings in the chain®!'. The coexistence of amorphous
domain with crystal domains could hence be assigned for the synthesized PANI
matrix. The XRD patterns as well as visually observed dark green colour of PANI

suggested its existence as emeraldine salt (HC1 doped)*2.

(a) TiO,
(b)—— TiO,+ 3% PANI
(c) TiO,+ 10% PANI

(d) TiO,+ 30% PANI
2 JL\«JWW\“
LN | e

o M

(d)

Intensity (a.u)

20 30 40 50 60 70 80
2 Theta (Degrees)
Figure 4.1.2. XRD pattern of nano TiO>-PANI composites

The XRD patterns of TiO2-PANI composites (Figure 4.1.2 b, ¢ & d) on the other
hand could not be easily differentiated from that of pristine TiO2 (Figure 4.1.2 a). All
the peaks corresponding to the TiO> with predominant anatase phase and a few rutile
phase particles were observed. The presence of PANI however could not be identified
through XRD. The crystal peaks of PANI have been suppressed by TiO>. The
hampering of crystal growth of PANI by TiO is the reason for this'®. The growth of
PANI polymer chain in a solution of dispersed TiO: is influenced by TiO: particles.
TiO; particles hamper the free chain growth of PANI by adsorbing them over TiO»
surface and tethering their chains leading to a decrease in the degree of
crystallinity®>**, The crystal patterns of PANI would be decreased to an appreciable
extent and in some cases they may even disappear as in Figure 4.1.2 above. There
was no observable shift or absence of any characteristic peaks corresponding to TiO»
in T102-PANI composites. The fact that associated PANI had no significant effect in
altering the crystallinity of TiO, was hence concluded. From the XRD patterns of
TiO2-PANI composites it could be concluded that PANI matrix have been well
adsorbed by nano TiO» particles nullifying their aggregation (if PANI has aggregated
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with high degree of polymerization, peaks corresponding to PANI would have been

observed).
*ZnO
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Figure 4.1.3. XRD pattern of nano ZnO-PANI composites

XRD patterns of ZnO-PANI composites exhibited all the characteristic peaks of
ZnO corresponding to wurtzite hexagonal structure (Figure 4.1.3). The peak positions
of ZnO had only negligibly shifted in all the ZnO-PANI composites revealing the fact
that the associated PANI had no much influence on the crystal structure of ZnO. The
composites too existed in wurtzite structure. In addition to the characteristic peaks of
Zn0O, peaks corresponding to ZnCl, were also observed at 20= 32°, 33° and 55° for
the composites. ZnO-PANI composites were developed by insitu growth of PANI
over the surface of dispersed ZnO particles in aqueous media containing HCI. ZnO
particles can interact with the HCl molecules to form ZnCl; salt as per the following

equation™.
Zn0 + 2 HCL —» ZnCly + H,0 4.1)

The formation of ZnCl; as per equation (4.1) is however far less, as the strength of
HCI in the solution is just 1M and also the developing PANI polymer chains utilizes
the H" and CI" ions from the solution leading to further decrease in the concentration

of these ions in the solution. The presence of PANI associated with ZnO was
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observed as very low intense peaks. The peaks observed at 20 angles 15.16°, 21.11°
and 25.59° for synthesized PANI were shifted to new peaks observed at higher 26
angles for ZnO-10% PANI and ZnO-30% PANI composites. The composite ZnO-3%
PANI exhibited no peaks corresponding to PANI. This could be explained on the
basis of tethering of PANI chains and hampering of crystal growth by ZnO as

discussed in the case of TiO2-PANI composites.

The crystallite sizes of the composite particles were calculated using Debye

Scherrer’s formula and the values obtained are as tabulated below (Table 4.2.1).

Table 4.2.1. Values of crystallite sizes of TiO>-PANI and ZnO-PANI composites

TiO2-PANI Crystallite size ZnO-PANI Crystallite size
( nm) (nm)
Ti02+0% PANI 18.9 Zn0+0% PANI 30.7
Ti02+3% PANI 20.5 ZnO +3% PANI 31.0
Ti02+10% PANI 20.7 Zn0O +10% PANI 31.1
Ti02+30% PANI 20.8 Zn0 +30% PANI 31.5

The crystallite size of both TiO2-PANI and ZnO-PANI composites increased
compared to pristine TiO2 and pristine ZnO respectively. We could also observe a
negligible increase in the crystallite sizes of the TiO-PANI and ZnO-PANI

composites with the increase in the percentage of PANI.

The interplanar distance (d) calculated for TiO2-PANI (Table 4.2.2) as well as
ZnO-PANI (Table 4.2.3) show only a negligible decrease compared to that of pristine
Ti02 and ZnO respectively. It could be assumed that the crystal morphology of TiO»

is not much affected on PANI incorporation.

Table 4.2.2. Interplanar distance (d) corresponding to each 260 angles of TiO>-PANI

composites in comparison to pristine TiO:

TiO: TiO2+3% PANI | TiO2+10% PANI | TiO2+30% PANI

20° d (A) 20° d (A) 20° d (A) 20° d (A)
2494 357 2529  3.52 2529  3.52 25.32 3.51
2707 329 |2741 325 2741 325 27.49 3.24
3571 251 36.09  2.49 36.09  2.49 36.12 2.48
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37.44
40.89
47.7
53.64
54.73
62.4
68.5
69.95
74.8

24

2.21
1.91
1.71
1.68
1.49
1.37
1.34
1.27

37.81
41.21
48.02
53.92
55.05
62.74
69.01
70.26
75.13

2.38
2.19
1.89
1.70
1.67
1.48
1.36
1.34
1.26

37.81
41.23
48.02
53.92
55.09
62.79
69.03
70.29
75.15

2.38
2.19
1.89
1.70
1.67
1.48
1.36
1.34
1.26

37.89
41.26
48.04
53.97
55.1

62.74
69.01
70.26
75.13

2.37
2.19
1.89
1.70
1.67
1.48
1.36
1.34
1.26

Table 4.2.3. Interplanar distance (d) corresponding to each 20 angles of ZnO-PANI

composites in comparison to pristine ZnQO

ZnO ZnO +3% PANI | ZnO +10% PANI | ZnO +30% PANI
20° d (A) 20° d (A) 20° d (A) 20° d (A)
3197 280 |3241 276 3245 276 32.50 2.75
3462 259 3506 @ 2.56 3511  2.55 35.13 2.55
3645 246 3688  2.44 36.93 243 36.97 2.43
47.71 1.90 |48.14 189 |48.19  1.89 48.24 1.88
56.75 1.62 [57.19 161 5724 161 57.26 1.61
63.01 147 6343 147 63.48  1.46 63.53 1.46
66.48 141 6689  1.40 66.95  1.40 67.00 1.40
68.05 138 | 6847 137 68.52  1.37 68.57 1.37
69.18 136 | 69.6 1.35 69.65 135 69.70 1.35
72.70 1.30

77.00 1.24

4.3.2. FESEM, EDX, HRTEM and SAED

The SEM image of TiO»-10% PANI composite revealed its crystalline spherical

morphology (Figure 4.2.1 A). Particle size determined through SEM ranged between

20 nm and 50 nm. The EDX pattern (Figure 4.2.1 B) showed that the composite was

pure without any other impurities. The EDX patterns observed at 4.5, 4.93 and 0.45

keV represent the Kal, KB1 and Lal peaks of titanium respectively. The EDX peaks

corresponding to oxygen and carbon were also observed at 0.53 (Kal) and 0.277

(Kal) keV respectively. The EDX peak for nitrogen which was supposed to appear at

0.392 (Kal) was not visible due to the overlap of carbon and titanium peaks with the
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less intense peak of nitrogen. The presence of nitrogen was however confirmed
through FTIR spectra of the composites by the appearance of absorption peaks

corresponding to C-N, C-N's and N-H vibration modes respectively (discussed in
section 4.3.3).

Spectrum 1

10 15
Full Scale 2170 cts Cursor: -0.040 (732 cts)

Figure 4.2.1. SEM image (4) and EDX pattern (B) of nano TiO>-10% PANI

composite

* Anatase
# Rutile

Figure 4.2.2. TEM images (A & B) and SAED pattern (C) of nano TiO>-10% PANI

composite

Page 104



Chapter 4

HRTEM image of TiO2-10% PANI composite revealed its crystalline nature
existing as distinguished individual particles (Figure 4.2.2 A). The particle size
ranged between 20 nm to 60 nm without much aggregation. The fact that PANI was
well dispersed in the presence of nano TiO> without much aggregation was hence
clear. At higher resolution, lattice fringes with 0.35 nm spacing were visible (Figure
4.2.2 B). These patterns represented the interplanar distance (d) of (101) crystal
planes of nano TiO> particles (plane observed at 26=24.9° in XRD). The selected area
electron diffraction (SAED) pattern of the composite (Figure 4.2.2 C) further
confirms its crystalline nature through the clear ring patterns with distinguishable
spots. Crystal planes corresponding to some of the spots were identified by

comparing them with XRD patterns as marked in Figure 4.2.2 C.

Figure 4.2.3. TEM images (A, B & C) and SAED pattern (D) of nano ZnO-PANI

composite
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From the TEM image of ZnO-PANI composite the particles looked much more
aggregated compared to that of TiO2-PANI composite (Figure 4.2.3 A). Some
amorphous regions could be observed in TEM image of the composite (Figure 4.2.3
B). Crystal planes with inter planar distance (d=0.28 nm) was observed as lattice
fringes in high resolution images which represent the (100) plane of ZnO wurtzite
structure (Figure 4.2.3 C). SAED patterns of the composites appeared as halo like
rings (Figure 4.2.3 D). The spots in SAED pattern were more spread out compared to
sharp spots of TiO2-PANI composite. The fact that ZnO-PANI composite consists of

amorphous regions in addition to crystalline regions was hence clear.

4.3.3. FTIR Spectroscopy

Transmittance (a.u)

3900 3250 2600 1950 1300 650
Wavenumber(cm’)

Figure 4.3.1. FTIR spectra of TiO>, PANI and TiO>-PANI composites
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FTIR spectra of PANI showed peaks at 1527 and 1409 cm™ corresponding to
N=Q=N and N-B-N stretching frequencies respectively [‘Q’ represents quinoid and
‘B’ represents benzenoid structures of benzene ring] (Figure 4.3.1). The coexistence
of quinoid and benzenoid structures in PANI was hence clear. Peaks at 1265, 1226
and 1069 cm™ correspond to secondary aromatic amine C-N stretching, C-N*
polaron stretching and N-H stretching vibrations in charged polaron units

respectively. Broad peak between 881-690 cm’!

originated from the C-H in plane
bending of 1,4-disubstituted benzene ring. The peak observed at 1710 cm’
corresponds to C=N stretching vibration of imine group (due to the presence of
quinoid units) in PANI. The peaks around 3617 and 3000 cm™ arose from N-H and C-
H stretching vibrations respectively. The predominance of quinoid structure over
benzenoid structure in PANI was clear from the observed more intense peak
belonging to N=Q=N stretching frequency compared to that of N-B-N. This
observation further revealed the presence of HCI doped PANI**3% IR spectra of
TiO2-PANI composite exhibited all the peaks corresponding to synthesized pristine
PANI. Some of the striking observations made from FTIR spectra of TiO>-PANI

composites are as pointed out below:

» The intensity of absorption peak belonging to N=Q=N was weaker than that of N-
B-N for TiO2-PANI composites.

» As we move from TiO2-3% PANI to TiO2-30% PANI (lower to higher
concentration of PANI), peak intensity corresponding to N=Q=N increased
gradually. As we again move on to pristine PANI (0% TiO), the intensity of
N=Q=N vibrations were higher than that of N-B-N.

» The absorption intensities corresponding to C-N stretching, C-N** polaron
stretching also were weakened in the case of TiO2-3% PANI and increased
gradually as we move towards pristine PANI.

» The absorption intensity corresponding to imine C=N stretching vibration also
followed the same trend as above ie., increased with respect to PANI

concentration.

A very important conclusion regarding the interaction between TiO, and PANI
were revealed from the above observations. The chance of existence of coordination

bond between titanium and nitrogen were possible here!. The structure of PANI and
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the possible interaction between TiO, and ZnO with PANI are represented

diagrammatically in the section 4.3.5.

ZnO U

ZnO+3%PANI

RS

ZnO+10%PANI

o
Zn0+30%PANI L

Transmittance (a.u)

4000 3500 3000 2500 2000 1500 1000
Wavenumber(cm'1)

Figure 4.3.2. FTIR spectra of ZnO, PANI and ZnO-PANI composites

The observations made from the FTIR spectra of ZnO-PANI composites (Figure
4.3.2) were similar to that of TiO»-PANI composites as discussed above. The
intensities of N=Q=N stretching vibration was weaker than that of N-B-N and almost
difficult to be distinguished in the composites. The intensities of C-N, C-N*
(polaron) and C=N (imine) stretching vibrations too were weaker in the composites
and their intensities decreased as the percentage of ZnO in the composites increased
from ZnO-30% PANI to ZnO-3% PANI. The intensity of N-H bending was also
weakened. In addition to these observations which were similar to that observed in
TiO2-PANI composites, another observation was that there appeared a broad band

between 3100 and 3600 cm™ engulfing the NH stretching vibrations. These broad
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bands could be attributed to the hydrogen bond existing between the -NH group of
PANI and oxygen of ZnO3!3%41,

4.3.4. UV-visible Diffused reflectance spectroscopy (UV-DRS)

The UV-visible spectra of PANI, nano TiO> and TiO>-PANI composites obtained
through UV-DRS analysis (Figure 4.4.1A) showed that nano TiO» absorbed only in
the UV region while pristine PANI absorbed in UV as well as visible region of the
spectra with major absorption bands in visible region. The TiO,-PANI composites as
expected absorbed in both UV and visible region of the spectra which highlighted the
fact that coupling of PANI with nano TiO; extended the possibility of the composite

to act as a photocatalyst or as a photosensitizer in the UV-visible region.
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(b)—— Ti0,*30% PANI
(c)——Ti0,+10% PANI
1.6 (d—Ti0+3% PANI
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Figure 4.4.1.4) UV-visible spectra, B) Plot of F(R) versus hv, C) (F(R)hv)"? versus
hv and D) (F(R)hv)’ versus hv of TiO2, PANI and TiO>-PANI composites

The UV-visible spectra of PANI obtained through UV-DRS analysis gave three
major characteristic absorption bands (Figure 4.4.1A). The band observed in the UV
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region with maximum absorption at 276 nm could be attributed to the transition of
electron from © (HOMO) to n* (LUMO) orbitals of benzenoid rings (also called
exciton transition). Another broad band with absorption maxima 418 nm arose due to
polaron to m* electron transition. This absorption band confirms the presence of
polarons (C-N**) in the PANI chain as a result of HCI doping. Another broad band
with absorption maximum observed at 632 nm attributed to the m to polaron transfer

within PANI. This band also represents localized electrons in PANI***+,

The absorption spectra of TiO2-PANI composites exhibited the bands
corresponding to TiO> as well as PANI with slight peak shifts. The peak observed at
276 nm for pristine PANI was completely masked by the bands of TiO; in the same
region. The peak around 418 nm observed in PANI was slightly red shifted. This
reveals the fact that the polaron to w* transfer in PANI was interrupted by the
association of PANI with TiO». Another striking observation was that the absorption
band around 632 nm in PANI was completely reconstructed in TiO2-PANI composite
with an endless long tail peak starting from around 480 nm. The “free-carrier-tail”?®
attributes to the extended delocalization of electrons arising due to the expansion of
PANI chain in association with TiO,. In other words, the compact conformation of
PANI chain due to strong interactions within the chain which gave a band at around
632 nm for PANI, was modified in the presence of TiO; into an expanded
conformation. This expanded conformation resulted in better delocalization of charge
carriers and interaction with isolated polarons leading to a “tail band” extending up to
near IR region of the spectra in TiO2-PANI composites. It should also be noted from
the UV-visible spectra that the band intensities corresponding to polaron was
decreased in TiO2-PANI composites. Even though the presence of TiO> extended the
chain conformation of PANI, the intensities of peaks arising due to polaron structure
decreased as the percentage of TiO: in the composites increased (i.e. from TiO2-30%
PANI to TiO2-3% PANI). This observation was in support to the observations made
from FTIR spectra that the polarons decreased in the composites as percentage of

Ti0O; increased (as discussed in section 4.3.5).

Optical bandgap energies (Eg) were determined from the reflectance spectra of
TiO2-PANI composites by the application of Kubelka-Munk function (F(R)) in Tauc

plot and it was found that the values of E; decreased in TiO2-PANI composites as the
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percentage of PANI increased (figure 4.4.1 B,C and D). The values of E; are as
tabulated below (Table 4.2.4)

Table 4.2.4. Values of optical bandgap energies of TiO2-PANI composites

Bandgap Energy in eV
Method T TiO2+3% TiO2+10% TiO2 +30%
PANI PANI PANI
F(R) vs hv 3.16 2.78 2.58 2.32
(F(R)hv)? vs hv 3.22 2.80 2.60 2.40
(F(R)hv)"? vs hv 318 2.80 2.59 2.36
55 (@——PANI
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Figure 4.4.2.4) UV-visible spectra, B) Plot of F(R) versus hv, C) (F(R)hv)? versus hv
and D) (F(R)hv)"? versus hv of ZnO, PANI and ZnO-PANI composites

The UV-visible absorption patterns of ZnO-PANI composites (Figure 4.4.2) too
followed the similar trend as seen in the case of TiO>-PANI composites. Here too the
absorption bands which were supposed to be present at around 276 nm (n >7*

transition) could not be identified due to the overlap of bands in the UV region of
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Zn0O. The ZnO-PANI composites too gave absorption bands in the UV as well as
visible region of the spectra. The intensity of absorption band observed at around 418
nm for PANI (polaron = 7* transition) due to quinoid ring was lower for ZnO-3%
PANI composite (ie highest percentage (70%) ZnO). In ZnO-PANI composites too,
the band observed at around 632 nm (n > polaron transfer) for PANI due to localized
electrons were reconstructed into “tail band” as observed in TiO,-PANI composites.
Here the intensity of the “tail band” was appreciably lowered in the composites with
highest percentages of ZnO (i.e. ZnO-10% PANI and ZnO-30% PANI). In addition to
the existence of expanded conformation of PANI chain in the presence of ZnO, the

decrease in the polarons were also evident from these observations**.

Optical bandgap energies (Eg) were determined from the reflectance spectra of
ZnO-PANI composites found to have decreased as the percentage of PANI in the
composites increased (figure 4.4.2 B,C and D). The values of Eg are as tabulated

below (Table 4.2.5)

Table 4.2.5. Values of optical bandgap energies of ZnO- PANI composites

Bang gap Energy in eV
Method Zn0 ZnO +3% Zn0 +10% 7ZnO0 +30%
PANI PANI PANI
F(R) vs hv 3.2 2.78 2.47 2.40
(F(R)hv)? vs ho 305 2.80 2.57 2.42
(F(R)hv)'?2 vs hv 3.27 2.84 2.62 2.43

4.3.5. Structure and interaction within TiO2-PANI or ZnO-PANI composites

Based on the results obtained from various characterization techniques of PANI
and composites of PANI with TiO> and ZnO, the structure of PANI and interactions
between TiO> and ZnO with PANI would be as represented in Figure 4.5. The co-
existence of benzenoid and quinoid segments in PANI was evident from FTIR spectra
and UV-DRS. FTIR also showed the presence of C-N, C-N** polaron, imine C=N and
N-H functional groups in PANI. It was also observed from the spectra that the
intensity of stretching vibrations corresponding to quinoid segments were

comparatively higher than benzenoid segments.
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Figure 4.5. Structure of PANI and interaction between TiO»/ZnO and PANI

In the composites of PANI with TiO2 and ZnO slight shift in the IR peak positions
were observed for various functional groups of PANI. Decrease in IR band intensities
of C-N* polaron, imine C=N and N-H functional groups were observed here. In
addition to this, the band intensities corresponding to quinoid decreased with respect
to the increase in the percentage of TiO2/ZnO in the composites. TiO2/ZnO-PANI
also showed the existence of hydrogen bonds in the composites. The possibility of
existence of coordination bonds and hydrogen bonds between PANI and TiO> or ZnO
was assumed based on all these observations (Figure 4.5). There are possibilities that
the quinoid structures either get converted into benzenoid structure or the C=N
stretching vibrations get weakened if coordination bond exists between Ti or Zn metal
and nitrogen of PANI. Interactions of PANI with nano particles could also weaken
the stretching vibrational intensities of N-H group which are adjacent to these

interaction sites.
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Section II
Photodegradation of polystyrene using TiO2-PANI and
ZnO-PANI catalysts

PS-TiO2-PANI and PS-ZnO-PANI photocatalysts were loaded into PS matrix

whose photodegradation was studied under UV radiation.
4.4. Results and Discussion
4.4.1. Gel permeation chromatography (GPC) analysis

The average molecular weights (M,, and M, ) measured for PS-TiO2-PANI as well
as PS-ZnO-PANI composites, using gel permeation chromatography, decreased as the

time of UV irradiation is increased.

The decrease in the average molecular weights of PS-TiO2-PANI was in the order
PS-(Ti02-10% PANI) > PS-(Ti02-30% PANI) > PS-(Ti02-3% PANI) (Figure 4.6.1).
This revealed that for PS-TiO>-PANI composites, the average molecular weight
decreased first on UV irradiation as the percentage of PANI incorporation increases
from 3% to 10% PANI and then increased as the percentage of PANI increases to
30%. Similar trend was observed in PS-ZnO-PANI composites also with the order of
weight loss as PS-(ZnO-10% PANI) > PS-(ZnO-30% PANI) > PS-(ZnO-3% PANI)
(Figure 4.6.2). Here too the optimum percentage of PANI loading versus ZnO was

found to be 10% for maximum weight loss.
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Figure 4.6.1. A) Weight average (M,,) and B) number average (M,) molecular
weights of PS-TiO>-PANI composite under different UV irradiation time
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Figure 4.6.2. A) Weight average (M,,) and B) number average (M,,) molecular
weights of PS-ZnO-PANI composite under different UV irradiation time

The number of chain scissions per molecules (S) and the number of scission
events per gram of (N;) increased upon UV irradiation in PS-TiO,-PANI (Figure
4.6.3) as well as PS-ZnO-PANI (Figure 4.6.4) composites. Maximum increase in

chain scissions were observed in the composites containing 10% PANI.

Polydispersity index (PDI) too increased as the time of UV irradiation increased
(Figure 4.6.5). The increase in PDI was found to be maximum for PS-(TiO»-
30%PANI) and PS-(ZnO-30% PANI) composites. This shows that the maximum
randomness in PS chain scission increases as the percentage of PANI in the polymer

composites increased.
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Figure 4.6.3. (A) Number of chain scissions per molecule (S) and (B) number of
scission events per gram (Ny) of PS-TiO>-PANI composite under different UV

irradiation time.

Page 115



Chapter 4

F PS+3% (ZnO+3% PANI)
0.301 AN\ PS+3% (ZnO+10% PANI)
e PS+3% (ZnO+30% PANI)

I

IS I2 2L,

SIS I PPN,

v

R

0 400 600 800

Number of chain scissions per molecule (S)
o
>
1

UV irradiation time(hours)

1000

Z PS+3% (ZnO+3% PANI)
450 NN PS+3% (ZnO+10% PANI)

400- PS+3% (ZnO+30% PANI)

o

Number of scission events per gram (Nt x1

(G220

N
N
N
N
N
N

:
.
_%ﬁé_i
3

800 1000
UV irradiation time(hours)

Figure 4.6.4. A) Number of chain scissions per molecule (S) and B) number of

scission events per gram (Ny) of PS-ZnO-PANI composite under different UV

irradiation time.

4T ps+3% (TiO,+3% PANI) 1.41| —m— PS+3% (ZnO+3% PANI) )

1444 % PS+3% (TiO,+10% PANI) ) —*— PS+3% (ZnO+10% PANI) 3
= . .1 A PS+3% (TiO.+30% PANI) 1 = 1384 4 PS+3% (ZnO+30% PANI) -
3 1414 5 3 e

A -

o 1 * a yd I/
< 1.38- = 1.354 -
) 4 A” ) e
2 1.351 * ° o
= A - £ 1.324 - L}
2 4321 P 2z A
E ' -. */ E /’.
2 1.20- /' 8 1.20- P
0 4 / 2 *
2 1.26- & 2a6f "
Samd Al 1 B

1.234 -

] 1.23-
1.20 T T T T T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000

UV irradiation time(hours)

UV irradiation time(hours)
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composite under different UV irradiation time.

From the GPC value it could be concluded that the chain scission of PS-TiO», and

PS-ZnO composites upon UV irradiation were increased on incorporating them with

PANI. This result highlighted the fact that nano TiO> and nano ZnO coupled with

PANI served as an efficient photocatalyst in the photodegradation of PS upon UV

irradiation. Increase in mole percentage of PANI associated with TiO2 and ZnO

further increased the rate of chain scission of PS-TiO;-PANI and PS-ZnO-PANI

composites however excess percentage of PANI decelerated chain scission rate. The

deceleration in photodegradation of the polymer composites in the presence of excess

PANI could be due to the fact that excess PANI hinders the availability of UV

radiation to nano TiO2 and ZnO particles. However optimum percentage of PANI
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coupled with these nano particles could act as a new modified catalyst for effective
degradation of PANI photochemically. The mechanism of photodegradation of the

composites is discussed in section 4.5.
4.4.2. FTIR spectroscopy

PS-PANI, PS-TiO2-PANI and PS-ZnO-PANI composites were monitored using
FTIR spectrometer at regular intervals of UV irradiation. The spectra of all these
composites were almost identical to that of pristine PS and other PS-composites
discussed in the previous chapter. The photodegradation of the composites via photo-
oxidation under study, was identified through the variation in intensities of the peaks
corresponding to the stretching vibrations of >C=0, -OH/-OOH, isolated >C=C<,
conjugated carbon-carbon double bonds etc. PS-PANI composites exhibited only a
slight increase in the peak intensities of these functional groups. The photo-oxidation
here was not much accelerated using PANI which confirms that PANI alone is not a
good photocatalyst. In addition to this, at higher UV irradiation time the FTIR
spectrum was quiet confusing. The absorption intensities of functional groups failed
to show regular increase with respect to UV irradiation time. The photodegradation of
PANI itself under UV irradiation might be the reason. A slight increase in the rate of
photodegradation was however observed in PS-PANI composites compared to
pristine PS. This may be due to the fact that PANI existing as emeraldine salt could
easily conduct the charge carriers created in the composite matrix on UV light

interaction.

PS-TiO2-PANI composites exhibited enhanced photo-oxidation in presence of
UV radiation compared to PS-TiO2 composites. The photocatalytic activity of the
composites followed the same trend as observed in GPC analysis. The photo-
oxidation upon UV irradiation of the composites followed the order PS-(TiO2-10%
PANI) > PS-(Ti102-30% PANI) > PS-(TiO2-3% PANI). In other words, the rate of
photo-oxidation increased as the percentage of PANI in the composite increased from
3% to 10% and at higher percentage of PANI (30%), the rate of photo-oxidation
decreased. Figure 4.7.1 and 4.7.2 represent the FTIR spectra of PS-(Ti02-10% PANI)
and PS-(Ti02-30% PANI) composites respectively. The increase in >C=0 (1740-
1700 cm™) and >C=C< (1680-1650 cm™') stretching bands were clearly visible upon

UV irradiation for the composites. Increase in the stretching frequencies
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corresponding to conjugated carbon bonds (1630-1600 cm™) and -OH/-OOH (3700-
3600 cm™) were also observed. The characteristic peaks of phenyl ring due to -C-H
out of plane bending of the rings were observed at 691 cm™, 752 cm™, 905 cm™! and
1027 cm™ without any change upon UV irradiation. Aromatic >C=C< stretching
observed at 1448 cm’! was also not altered upon UV irradiation. It could be hence

assumed that the phenyl ring remained intact upon UV irradiation.
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Figure 4.7.1. FTIR spectra of PS-(TiO>-10% PANI) composite after different UV

exposure time intervals ranging from 0 h to 1000 h.
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Figure 4.7.2. FTIR spectra of PS-(TiO>-30% PANI) composite after different UV

exposure time intervals ranging from 0 h to 1000 h.
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Figure 4.7.3. FTIR spectra of PS-(ZnO-10% PANI) composite after different UV

exposure time intervals ranging from 0 h to 1000 h.
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Figure 4.7.4. FTIR spectra of PS-(ZnO-30% PANI) composite after different UV

exposure time intervals ranging from 0 h to 1000 h.

Similar trend in the IR spectra were also observed in the case of PS-ZnO-PANI
composites. Here too the maximum photo-oxidation was observed in PS-(ZnO-10%
PANI) (Figure 4.7.3) composites compared to PS-(ZnO-3% PANI) and PS-(ZnO-
30% PANI) (Figure 4.7.4). PS-ZnO-PANI composites underwent enhanced photo-
oxidation compared to PS-ZnO composite. ZnO coupled with PANI hence proved to
be better photocatalyst which could enhance the photocatalytic activity of ZnO.
Excess PANI however adversely affected the photocatalytic activity of ZnO.
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4.4.3. UV-visible Diffused Reflectance Spectroscopy (UV-DRS)

UV-DRS of PS-PANI, PS-TiO2-PANI and PS-ZnO-PANI composites showed
absorption bands in the UV as well as visible region of the spectra. Even very low

percentage of PANI could influence the optical property of the entire PS composite.
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Figure 4.8.1. UV-DRS of (A) PS-3% PANI, (B) PS-3% (TiO2+3% PANI), (C) PS-3%
(TiO>+10% PANI) and (D) PS-3% (TiO>+30% PANI) at regular UV irradiation

intervals

The UV visible spectra of PS-PANI as well as PS-TiO,-PANI composites (Figure
4.8.1) showed absorption bands with two absorption maxima between wavelengths
230-350 nm (UV region) and 400- 500 nm (visible region) and a “tail band” starting
from around 500 nm and extending to far-red region. The band observed at 230-350
nm is contributed by combined bands of PS, nano TiO, and PANI absorption. In the
case of PS, the absorption bands observed in this region arises due to the combined
absorption of phenyl rings. The absorption band of TiO: in this region is due to the
absorption of UV light by the electrons in the valence band. The bands observed in
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this region for PANI corresponds to © =>7* transition of benzenoid ring. PANI alone
is responsible for the bands observed in the visible region of the spectra. The “tail
band” observed for PS-PANI composite (Figure 4.8.1 A) indicates the interaction
between PS and PANI by which the confirmation of PANI has been modified into
expanded conformation which allows better delocalization of electrons (nm—>polaron
transfer). As the time of UV irradiation increases, decrease in the absorption
intensities were noticed for PS-PANI as well as PS-TiO-PANI composites. In
addition to this, slight red shift in the absorption bands was also noticed. The decrease
in the absorption bands of the composites supports photodegradation of the
composites. UV-visible spectra also support the fact that photodegradation of PS-
TiO2-PANI was much more efficient compared to that of PS-TiO> composite. In
addition to this it was also found that the photodegradation of PS-(Ti02-10% PANI)

was predominant.
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Figure 4.8.2. UV-DRS of (4) PS-3% (ZnO+3% PANI), (B) PS-3% (ZnO +10%
PANI) and (C) PS-3%(ZnO+30% PANI) at regular UV irradiation intervals
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UV-visible spectra of PS-ZnO-PANI composites looked different from that of PS-
TiO2-PANI composites (Figure 4.8.2). The bands in the UV region were completely
overlapped by the bands between 400-500 nm wavelengths in the visible region.
Intensity of absorption bands after 500 nm wavelength decreased so that tail like band

was invisible.

Degradation percentage (D%) of the composites determined from the UV-visible
spectra are as shown below (Figure 4.8.3). Maximum D% among the PS-TiO2-PANI
composites was observed for PS-(TiO2-10% PANI) and that among PS-ZnO-PANI
composites were for PS-(ZnO-10% PANI). The D% of PS-TiO2-PANI composites
was higher compared to that of PS-ZnO-PANI composites. The Degradation
efficiency of PS-(Ti02-3% PANI), PS-(TiO2-10% PANI) and PS-(TiO2-30% PANI)
increased by 11.7, 13.88 and 13.2 % and that of PS-(ZnO-3% PANI), PS-(ZnO-10%
PANI) and PS-(Zn0O-30% PANI) increased by 7.78, 9.71 and 8 % respectively with

respect to pristine PS.
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Figure 4.8.3. Degradation percentages (D%) of PS-TiO>-PANI (A) and PS-ZnO-
PANI composites (B)

4.4.4. Scanning electron microscopy (SEM)

The SEM image of PS-3% PANI composite showed some aggregations over the
matrix (Figure 4.9 a). The aggregation could be due to the PANI macro molecules
loaded into the matrix. Dispersion of Ti02-30% PANI within PS matrix was found to
be much better compared to PANI alone (Figure 4.9 b). The surface morphology of
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the PS-3%(T102-30% PANI) composite has changed with increased roughness after
1000 hours of UV irradiation due to photodegradation (Figure 4.9 c).
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Figure 4.9. SEM image of PS-3% PANI (a) and PS-3%(TiO>-30% PANI) (b) before
UV irradiation and PS-3%( TiO2-30% PANI) (c) after UV irradiation of 1000 h

4.4.5. Thermogravimetric Analysis (TGA)

TGA was conducted in nitrogen atmosphere for the composites. TGA
thermogram of PS-3%(Ti02-10% PANI) and PS-3%(Zn0O-10% PANI) (Figure 4.10)
showed two stages of weight loss attributing to the water desorption and
decomposition of the composites. At a temperature = 290°C, PS-3%(TiO2-10%
PANI) started to decompose. The decomposition temperature of PS-3%(Zn0O-10%
PANI) started at 278°C. The decomposition temperature of the composites shifted to
lower values after 1000 hours of UV irradiation. Decreased thermal stability of the

composites due to photodegradation in the presence of UV radiation leads to this

observable shift.
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Figure 4.10. TGA thermogram of PS-3%(TiO>-10% PANI) (A) and PS-3%(Zn0O-10%
PANI) (B) composites before and after UV irradiation of 1000 h
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4.4.6. Mechanical Properties

The mechanical properties of PS-PANI composites were not so appreciable as
compared to PS-TiO2-PANI or PS-ZnO-PANI composites (Figure 4.11.1 & 4.11.2).
The decrease in mechanical strengths of PS-PANI composites could be due to small
aggregations of PANI which prevented uniform dispersion along the PS matrix (as
evident from Figure 4.9). The tensile and flexural strengths of PS-PANI were

however better compared to pristine PS.
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Figure 4.11.1. Flexural (A) and tensile (B) strengths of PS-TiO,, PS-PANI and PS-

TiO2-PANI composites- a comparison
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Figure 4.11.2. Flexural (A) and tensile (B) strengths of PS-ZnO, PS-PANI and PS-

ZnO-PANI composites - a comparison
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Figure 4.11.1 shows that the tensile and flexural properties of PS-TiO>-PANI
composites were slightly enhanced compared to PS-TiO2 composites. We could also
observe that the maximum mechanical strengths were observed in PS-(TiO2-10%
PANI) composite. As the percentage of PANI associated with TiO> in the composites
increased, the mechanical strength further decreased. This phenomenon could be
explained based on the extent of dispersion of TiO2-PANI composite within PS
matrix. At higher percentage of PANI much larger aggregates of TiO,-PANI resulted.
The interaction of PANI with adjacent PANI molecules might have caused this
aggregation. The extent of dispersion of TiO2-PANI composites with higher
percentage of PANI (30% PANI) was not much appreciable. The non-uniform
dispersion may result in defective voids within the polymer matrix which decrease its

mechanical properties.

Similar is the case with PS-ZnO-PANI composites (Figure 4.11.2). A little
enhancement in the mechanical properties was observed for the composites compared
to that of PS-ZnO composites. Decrease in mechanical properties was however

observed in composites with higher percentage of PANI (30%) as discussed above.
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Figure 4.11.3. Flexural strengths of PS-TiO2-PANI (A) and PS-ZnO-PANI (B)
composites exposed to UV radiation for 0, 400 and 1000 h
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Figure 4.11.4. Tensile strengths of PS-TiO2-PANI (A) and PS-ZnO-PANI (B)
composites exposed to UV radiation for 0, 400 and 1000 h

The flexural (Figure 4.11.3) and tensile (Figure 4.11.4) properties of PS-TiO,-
PANI as well as PS-ZnO-PANI composites decreased as the time of UV irradiation
increased. The deterioration in the mechanical properties of the composites was
evident through this observation. These composites underwent better mechanical
degradation compared to PS-TiO> and PS-ZnO composites. This was due to the better
conduction of charge carriers from the polymer surface to their inner matrix. As the
percentage of PANI associated with TiOz and ZnO increased from 3% to 10% in the
polymer composites, the rate of mechanical degradation upon UV irradiation
increased. As the percentage of PANI further increased to 30%, the degradation rate

decreased.
4.4.7. Electrical Properties

The BDV of the PS-TiO2-PANI and PS-ZnO-PANI composites measured in
alternating current of frequency S0Hz (Figure 4.12.1) were found to have much lower
values compared to PS, PS-TiO; and PS-ZnO composites (refer chapter 3). The
decreased value of BDV in these composites supports the fact that PANI associated
with TiO; and ZnO is conducting. Even 3% of Ti02-3% PANI or ZnO-3% PANI
could decrease the BDV of the PS composites. The value of BDV decreased as the
percentage of PANI in the composites increased. The values of BDV of PS-TiO»-
PANI composites were 21.3 kV/mm (PS-3%(Ti02-3% PANI), 18.78 kV/mm (PS-
3%(Ti02-10% PANI) and 14.85 kV/mm (PS-3%(Ti02-30% PANI) and that for PS-
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ZnO-PANI composites were 20.62 kV/mm (PS-3%(Zn0O-3% PANI), 18.24 kV/mm
(PS-3%(Zn0O-10% PANI) and 15.32 kV/mm for (PS-3%(Zn0O-30% PANI).
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Figure 4.12.1. Dielectric breakdown (breakdown voltage) of PS-TiO>-PANI and PS-
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ZnO-PANI composites at varying UV irradiation time

The value of BDVs of all these composites further decreased as the time of UV

irradiation increased (Figure 4.12.1). The decrease in BDV values supported the

formation of charge centres due to photodegradation of the composites. Higher

decrease in the values of BDV was found in PS-TiO2-PANI composites compared to

that of PS-ZnO-PANI composites. In both the composites, the one containing 10 %

PANI with respect to TiO2 or ZnO exhibited better decrease in the BDV values upon

UV irradiation compared to the other composites under study.
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Figure 4.12.2. Dielectric constants of PS-TiO>-PANI and PS-ZnO-PANI composites
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Figure 4.12.3. Dielectric constants of PS-TiO>-PANI and PS-ZnO-PANI composites
at UV irradiation intervals of 0 h, 400 h and 1000 h.

The dielectric permittivity (&) calculated from capacitance measurements of the
composites was found to increase as the percentage of PANI increased (Figure
4.12.2). This shows that PS-TiO2-PANI and PS-ZnO-PANI composites could be
developed for capacitance applications. The & of the composites further increased
upon UV irradiation due to the formation of polarisable species on photodegradation
(Figure 4.12.3). PS-TiO2-PANI composites showed better increase in the values of &
compared to PS-ZnO-PANI

4.4.8. Weight loss
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Figure 4.13. Comparison of weight loss percentages of PS-TiO> and PS-PANI
composites with PS-TiO>-PANI (A) and PS-ZnO-PANI (B) composites at regular

intervals of UV irradiation
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The weight loss percentage of PS composite loaded with TiO2-10% PANI (Figure
4.13A) and ZnO-10% PANI (Figure 4.13B) was found to be higher compared to the
other specimens under study. Weight loss observed in the PS composites was due to
the evolution of gases like CO, CO., H,0O, H» etc as the side products during the UV
degradation process. Weight loss observed in the composites was in accordance with
the order of photodegradation. All these observations pointed out the fact that the
photocatalytic efficiency of nano TiO2 and ZnO were enhanced by coupling them

with PANI up to an optimum percentage.

4.5. Mechanism of Photocatalysis of TiO:-PANI and ZnO-PANI

composites

® -> Electrons
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i VB -Valence band

. CB >Conduction bandi
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Figure 4.14. Mechanism of photodegradation of PS using TiO>-PANI or ZnO-
PANI composites.
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Photocatalytic activity of nano TiO> and nano ZnO were appreciably enhanced
when coupled with PANI. Accelerated photodegradation exhibited by PS-TiO2-PANI
and PS-ZnO-PANI composites compared to that of pristine PS-TiO2 and PS-ZnO
composites is an evidence to this fact. Enhancement in photocatalytic activity could
be explained on the basis of enhanced charge separation accomplished on the
interfaces of PANI and TiO; or ZnO. When UV radiations are absorbed by TiO; or
ZnO particles, electrons get excited from their valence bands (VB) to conduction
band (CB). The energies of the highest occupied molecular orbital (HOMO) of PANI
lie between the VB and CB of TiO2 or ZnO. The holes left behind in the VB of TiO2
or ZnO are transferred to the HOMO of PANI. Chance for recombination of the
photogenerated electrons and holes is therefore minimized***°. These electrons now
interact with the O molecules creating superoxide radicals (O2¢) which interacts with

PS matrix initiating photodegradation. In addition to this, the holes transferred to the
HOMO of the PANI can interact with the adsorbed water or OH™ ions to produce

species like OH® which interacts with the PS chain and the photodegradation is
enhanced (Figure 4.14).

4.6. Conclusion

PANI has been successfully prepared by chemical oxidative polymerization from
aniline monomer. Green coloured HCl doped emeraldine salt of PANI have been
obtained. TiO>-PANI and ZnO-PANI composites have been developed by insitu
polymerization of aniline over nano TiO2 and ZnO. Powder XRD confirms that TiO»-
PANI composites were crystalline while ZnO-PANI existed in semicrystalline
structure which was further confirmed through HRTEM. The free chain growth of
PANI was hampered by nano TiO2 and ZnO particles which made its (PANI’s) X-ray
diffraction patterns only partially visible in ZnO-PANI composites and invisible in
T102-PANI composites. FTIR spectra of the composites confirmed strong interaction
between TiO; and ZnO with PANI. Through UV-DRS, charge delocalization due to

extended conformation of PANI over the nano particles was observed.

An appreciable acceleration in the photodegradation of PS was confirmed using
TiO2-PANI as well as ZnO-PANI compared to nano TiO» and ZnO upon UV
irradiation. GPC, FTIR spectroscopy, UV DRS, electrical, mechanical, thermal,
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weight loss and SEM analysis were the monitoring tools employed for
photodegradation studies. The rate of photodegradation increased as the percentage of
PANI coupled with nano TiO> and nano ZnO increased. Excess percentage of PANI
however inversely affected the rate. Photodegradation efficiency of PS-TiO2-PANI
followed the order PS-(TiO2-10% PANI) > PS-(TiO2-30% PANI) > PS-(TiO2-3%
PANI) and that of PS-ZnO-PANI followed the order PS-(ZnO-10% PANI)> PS-
(ZnO-30% PANI)> PS-(ZnO-3% PANI). It was also observed that PS-TiO»-PANI
composites underwent better photodegradation compared to PS-ZnO-PANI.
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Chapter 5
Accelerated Photodegradation of Polystyrene
using TiO2 and ZnO Surface Modified with

Graphene oxide

Abstract

Graphene oxide (GO) was prepared from graphite using modified Hummer’s method.
Ti0,-GO and ZnO-GO composites were developed using sonication assisted
hydrothermal method. Composites of TiO-GO and ZnO-GO with 3, 10 and 30
percentages of GO were prepared. The crystal morphology of TiO2 and ZnO remained
unaltered upon GO coupling as evident through XRD analysis. XRD, Raman
spectroscopy and XPS analysis confirmed partial reduction of GO, when coupled with
TiO2 or ZnO. XPS further confirmed the formation of Ti-O-C and Ti-C bridge bonds
between TiO2 and GO. TiO2-GO existed as dispersed particles having crystal
morphology. ZnO-GO showed slight amorphous nature. PS-TiO2-GO and PS-ZnO-
GO composites were mechanically stronger and thermally more stable compared to
PS-TiO; and PS-ZnO. TiO>-GO and ZnO-GO composites exhibited enhanced
photocatalytic efficiency compared to TiO> and ZnO respectively for the UV
degradation of PS. It was also observed that TiO2-GO was more efficient compared to

Zn0O-GO for PS degradation.
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5.1. Introduction

Studies worldwide have shown that the photocatalytic property of inorganic metal
oxide semiconductors has appreciably enhanced in the presence of carbon based
materials like carbon nano tube!?, fullerene®* and graphene®®. The photocatalytic
activities of TiO2 and ZnO coupled with such carbon allotropes have been extensively
investigated with amazing results. Out of the carbon structures, graphene has an
advantage of 2D planar structure with higher surface area for better interaction with
other materials and can be prepared easily in the laboratory from graphite. Graphene
has some marked unique properties including enhanced electrical’, mechanical®,
thermal® and optical properties'’. Better chemical stability is also observed in this

transparent and flexible material'!. Composites of graphene find application in

12,13 16,17

electronics’, composite materials'>!3, solar cells'*, ultra capacitors!>, medicine

molecular sensors'® and so on.

Graphene oxide (GO) could be considered as a derivative of graphene with
oxygen atoms bonded covalently to some of its carbon atoms leading to hydroxyl or
epoxy bonds!”?. Carboxylic acid functional groups may also be attached to the
periphery of hexagonal two dimensional planes of GO**. Even though GO shows
slight variations in some of the properties compared to graphene, like conductivity®,
GO resembles graphene in many other aspects. Graphene could be replaced by GO
where improved hydrophilicity is demanded. The functional groups >C=0, -COOH
and epoxy, covalently bonded to some of the carbon atoms in GO provides better
interaction with polar solvents especially water. GO is hence highly dispersible in
water’®2’. Graphene, on the other hand, is not dispersible in aqueous media. The
existence of strong molecular interaction between GO and metal oxides in composites
have been reported?®. The interaction between GO and metal oxides are possible in a
number of ways including the formation of hydrogen bonds, M-C* and M-O-C3%3
bonds where M refers to the metal atoms in metal oxides, C for carbon and O for
oxygen. These bonds act as bridges, facilitating easy charge transport between the
metal oxides and GO. The properties of GO and metal oxides are entirely altered into
new properties related to the composite. One of the most important properties of metal
oxide-GO composite materials is related to its bandgap energy>*. The bandgap energy

of metal oxide—GO composites is lower compared to that of metal oxides. The
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relevance of such bandgap shift comes into picture when the metal oxides like TiO»
and ZnO with high bandgap energies that absorb only in the UV region, are shifted
into modified materials with lower bandgap energies upon surface modification with
GO. The lowering of bandgap energy allows the material to absorb in the UV as well

as in the visible region extending its application to broad areas.

Decreased rate of recombination of photogenerated electrons and holes of metal
oxides are observed in metal oxide-GO composites. The electrons in the conduction
band of metal oxides are transferred into the carbon atoms of GO. These electrons are
resonance stabilized in GO and their recombination with the holes in metal oxides are
hence minimized®>. Interfacial charge transfer of TiO»-GO and ZnO-GO has been

reported with heterojunctions of enhanced photocatalytic activity>®37.

Photodegradation of PS in the presence of TiO> as well as ZnO coupled with
Graphene oxide (GO) is discussed in this chapter. GO has been selected instead of
graphene for surface modification of TiO2 and ZnO keeping the following aspects in
mind: (i) GO bears similar properties as graphene. (ii) GO could stabilize ZnO or
TiO2 much easier than graphene by various interactions. (iii) The oxygen containing
functional groups present in GO can interact with electrons from ZnO or TiO:
forming a bridge between them facilitating easier charge transfer. (iv) The functional
groups present in GO can produce radicals when exposed to UV radiation for the
initiation of photochemical reaction. (v) Preparation of GO is easier compared to
graphene (vi) GO can be dispersed much easily in a wide variety of polar solvents
compared to graphene so that TiO2-GO or ZnO-GO composite preparation becomes

easier.

Out of numerous methods of preparation of GO, the most widely adopted one is
the oxidation of graphite developed by Hummers and Offeman in 1958%. Modified
Hummers methods are commonly used nowadays. In this strategy, oxidizing agents
are penetrated between the layers of graphite resulting in the separation of GO layers
and finally the oxidation reaction is terminated with the aid of H>O, and water***.
The mechanism of GO formation through three stages involves the formation of
H>SOs-graphite intercalation compound followed by its oxidation and reaction with

water as reported by A.M. Dimiev and J.M. Tour in 2014*". The advantages of GO
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preparation by Hummers or modified Hummers method are the elimination of

evolution of explosive gases and decrease of reaction time*?.

Section I

Synthesis and characterisation of TiO2-GO and ZnO-GO

composites

5.2. Experimental

5.2.1. Synthesis of Graphene oxide (GO)

GO was prepared from graphite (150 mesh) through modified Hummers method.
Typically 23 ml of sulphuric acid was cooled to 0°C in a flask to which 1g of graphite
and 0.5 g NaNO3 were added slowly with stirring over an ice bath. Vigorous stirring
was continued for 40 minutes. 3g KMnO4 was then added to this mixture while
stirring was in progress, very slowly and in a controlled way, maintaining the
temperature of the system below 20°C. A dark green viscous solution was obtained.
Vigorous stirring was continued for another 12 hours at room temperature. To the
viscous paste like reaction mixture, 40 ml distilled water was added. The dark brown
mixture hence obtained was subjected to stir for another 24 hours followed by the
slow addition of 10 ml 30% H>O,. The mixture turned yellowish brown in colour.
Stirring was continued for another 6 hours. The solution hence obtained was washed
20 times thoroughly using 1M HCI followed by distilled water using a laboratory
centrifuge until the pH of the solution reached 6. pH 7 could not be reached by
washing the solid GO residue obtained using water practically. So the solid GO hence
obtained was dried at 80°C for 12 hours in a hot air oven and finally a brownish black

thin film of GO was obtained*®*.
5.2.2. Synthesis of TiO2-GO composite

Ti02-GO composites were prepared by ultrasonication assisted hydrothermal
process. TiO2-GO composites with 1, 3, 10 and 30 weight percentages of GO namely
TiO2-1% GO, Ti02-3% GO, Ti02-10% GO and Ti0O2-30% GO were prepared
respectively. In order to prepare TiO2-1% GO, 8 mg of GO was dispersed in 80 ml
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water and 40 ml ethanol by vigorous sonication using an ultrasonic probe sonicator
(750 W) for two hours in a flask. 800 mg of nano TiO> was added to the flask and the
sonication was continued for another two hours. The temperature of the flask was
maintained using an ice bath in order to prevent evaporation of solvents due to excess
heating. The contents of the flask were transferred into a Teflon lined hydrothermal
autoclave which was kept in a hot air oven at a temperature 130°C for 6 hours. The
bluish grey solid residue hence obtained was filtered out from the solution and dried
at 70°C for 12 hours in a hot air oven. Ti02-3% GO, Ti02-10% GO and Ti02-30%
GO composites were prepared by the same route varying the weight percentages of

GO taken***°,
5.2.3. Synthesis of ZnO-GO

ZnO-GO composites were also prepared by ultrasonication assisted hydrothermal
process. ZnO-GO composites with 3, 10 and 30 weight percentages of GO namely
Zn0-3% GO, ZnO-10% GO and Zn0O-30% GO were prepared. For the preparation of
Zn0-3% GO, 30 mg of GO was dispersed in 40 ml water and sonicated for 2 hours.
1.55 g of zinc nitrate hexahydrate (Zn(NO3),.6H>O) was added to the dispersion.
Liquid ammonia was added dropwise with vigorous stirring until a white precipitate
of Zn(OH)> was formed. The entire mixture was then transferred into a Teflon lined
hydrothermal autoclave which was kept in a hot air oven at a temperature 130°C for 6
hours. The solid residue hence obtained was filtered, washed with distilled water and
dried at 70°C for 12 hours in a hot air oven. ZnO-10% GO and ZnO-30% GO were

also prepared in similar way by changing the weight percentage of GO*"8,
5.3. Results and Discussion
5.3.1. Powder XRD

Powder XRD pattern of prepared GO exhibits its characteristic intense peak at an
angle 26=10.7° corresponding to the (001) plane of GO. In addition to this, a broader
peak of very low intensity was also observed at an angle 26=26° corresponding to the

unoxidized graphite and/or reduced GO present in traces (Figure 5.1.1).

XRD patterns of TiO2-GO composites exhibited all the peaks corresponding to
TiO2 (Figure 5.1.1). The peak corresponding to GO was hampered and invisible in
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Ti102-GO composites. The dispersion of nano sized GO layers and their association
with TiO; without any aggregation made the presence of GO undetectable through
XRD. The absence of the characteristic peak corresponding to GO (26=10.7°) also
suggests the possibility of partial reduction of GO in TiO, composites upon
hydrothermal treatment (as confirmed through Raman spectroscopy and XPS analysis
discussed below). Peak sharpening were also observed in TiO>-GO composites
compared to pristine TiO, probably due to the increase in size of the composite
particles with the incorporation of GO. The inter planar distance (d) calculated using
Bragg’s equation showed a slight decrease for the TiO2-GO composites compared to
that of pristine TiO (Table 5.1.1). Crystallite sizes calculated from Debye Scherrer’s

formula was greater for TiO>-GO composites as compared to pristine TiO2 (Table
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Figure 5.1.1. XRD patterns of graphite, GO, TiO: and TiO>-GO composites.
XRD patterns of all the ZnO-GO composites exhibited the characteristic peaks of

ZnO (Figure 5.1.2). XRD patterns of ZnO-3% GO resembled that of ZnO. For ZnO-

10% GO composite new broad patterns between 20=20 to 28° corresponding to
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reduced GO was observed. In addition to this, broad peaks at 26=12.8°, 33° and 59.6°
corresponding to Zn(OH): were also observed. The intensity of the peaks
corresponding to reduced GO as well as Zn(OH): increased in ZnO-30%GO
composite. Inter planar distance (d) of the composites were calculated from Bragg’s
equation (Table 5.1.2) and crystallite sizes were calculated using Debye Scherrer’s
equation (Table 5.1.3). Crystallite sizes of the composites were slightly higher
compared to that of pristine ZnO.
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Figure 5.1.2. XRD patterns of ZnO and ZnO-GO composites.

Table 5.1.1. Inter planar distances (d) corresponding to 26 peaks of TiO: and TiO:>-

GO composites

TiO2 TiO»1%GO  TiO:- 3% TiO2- TiO-
GO 10%GO 30%GO
20° d(A) 20° d(A) 20° d(A) 20° d(@A) 20° d(A)

249 3573 252 3,531 253 3517 253 3517 253 3517
374 2403 378 2378 37.8 2378 378 2378 37.8 2378
4777 1905 48.1 1.89  48.1 1.89  48.1 1.89  48.1 1.89
53.6 1708 538 1.703 53.8 1.703 53.8 1.703 53.8 1.703
547 1.677 549 1.671 55 1.668 55 1.668 55 1.668
624 1487 627 1481 627 1481 627 1481 62.7 1481
748 1268 751 1264 751 1.264 751 1264 751 1.264

Anatase phase
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27.1 3288 274 3252 274 3252 274 3252 274 3252
35.7 2513 36 2493 36.1 2486 36.1 2486 36.1 2.486
408 221 412 2189 412 2189 412 2189 412 2.189
68.6 1367 699 1345 70 1.343 70 1.343 70 1.343
70 1.343 703 1338 703 1338 703 1338 703 1.338

Rutile phase

Table 5.1.2. Inter planar distances (d) corresponding to 26 peaks of ZnO and TiO:>-

GO composites

ZnO Zn0-3%GO  ZnO-10% GO Zn0-30%GO
20° d(A) 20° d(A) 20° d(A) 26° d(A)
3197 2.80 3198 279 3198 279 3198 2.79
34.62 259 3465 259 3465 259 3465 2.59
36.45 246 3647 246 3647 246 3647 246
4771 190 4773 19 4773 19 4773 1.9
56.75 1.62 5677 16 5677 1.6 5677 1.6
63.01 147 63.05 147 63.05 147 63.05 147
66.48 141 665 14 665 14 665 14
68.05 138 68.07 138 6807 138 6807 1.38
69.18 136 692 136 692 136 692 136
7270 130 7273 13 7273 13 7273 13
77.00 124 77.03 124 77.03 124 77.03 1.24

Table 5.1.3 Crystallite size of TiO>-GO and ZnO-GO composites calculated using

Debye- Scherrer equation.

Crystallite size Crystallite size
(nm) (nm)
TiO, 17.57 ZnO 30.7
Ti02-1%GO 20.12 ZnO - 3% GO 38.65
TiO2- 3% GO 20.27 ZnO -10%GO 38.83
Ti02-10%GO 20.32 Zn0 -30%GO 38.99
Ti02-30%GO 20.38

5.3.2. FTIR Spectroscopy

FTIR spectra of GO exhibited its characteristic peaks which included >C=0 (1719
cm™), >C=C< (1622 cm™ and 1519 cm™), -C-O- (1065 cm™ and 963 cm™), -OH
stretching (3600-3000 cm™), -C-O-H bending (1377 ¢cm™) and -C-H out of plane
bending vibrations (673 cm™) (Figure 5.2). The presence of carboxylic acid and
hydroxyl functional groups in GO were hence quite evident. FTIR spectra of TiO»-

GO composites exhibited characteristic vibration peaks corresponding to TiO; as well
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as GO (Figure 5.2 A). A striking observation made from the IR spectra was that a
considerable shift towards lower wavenumber in the peak positions occurred in TiO;-
GO composites when compared to uncoupled GO. With the increase in percentage
incorporation of GO among the composites, peaks corresponding to >C=0 and -C-O-
H functional groups exhibited an observable shift. This observation suggested the
existence of a strong interaction between TiO2 and the oxygen atom of acid or
alcoholic functional groups of GO. Increase in the intensities of IR absorption peaks
of GO were also observed in the composites as the percentage of GO incorporation
increased. Tabulated FTIR data of TiO>-GO composites in comparison to GO is given

in table 5.2.1.
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Figure 5.2. FTIR spectra of TiO2>-GO composites (4) and ZnO-GO composites (B) in

comparison with that of GO, TiO: and ZnO.

Similar observations were made from FTIR spectra of ZnO-GO composites
(Figure 5.2 B). The characteristic vibration bands of GO shifted towards lower

wavenumber positions in ZnO-GO composites due to the interaction between ZnO
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and GO. The shift in peak positions of >C=0 and -C-O-H functional groups among
ZnO-GO composites as the percentage of GO increased, suggested a strong
interaction between ZnO and the oxygen atom of the acid or the alcoholic functional
groups of GO. The tabulated FTIR data of ZnO-GO composites in comparison to GO
is given in table 5.2.2.

Table 5.2.1. Highlighted peaks from FTIR spectra of GO and TiO2-GO composites

GO Ti02+30%GO | TiO2+10%GO | Ti02+3%GO | TiO2+1%GO
> =
(sfre(t)ch) 1719 et 1699 e 1695 cm'! 1645 cm! 1640 cm™
>C=C<
(Stretch) 1622 cm™ | 1536 cm™! 1536 cm™! 1536 cm’! 1536 cm™!
?Srtrcet:i) 1519 emrl | 1412 ¢ 1410 om! 1408 o 1408 e
(ger?d)H 1377 cm! | 1232 e 1224 cm” 1176 cm” 1165 cm”
-C-0- -1 . S
(Stretch) 1065 cm™ | Overlapped by Ti-O stretching vibrational peaks
-C-0- ¥ B ' T
(Stretch) 963 cm 962 cm Overlapped by Ti-O stretching vibrational peaks.

Table 5.2.2. Highlighted peaks from FTIR spectra of GO and ZnO-GO composites

GO Zn0+30%GO | ZnO+10%GO | ZnO +3%GO
> =
(s(t:re?ch) 1719 cm™ | 1704 cm! 1695 cm’! 1690 cm’!
>C=C< r r 4 Overlapped by
(Stretch) 1622 cm 1558 cm 1556 cm Ar-C=C band
Ar-C=
(Sl;r(ejtci) 1519 cm™ | 1505 cm! 1501 cm’! 1403 cm’!
-C-O-H
(l?el(l)d) 1377 cm™ | 1178 cm’! 1175 cm! 1170 cm’!
-C-0O- 1065 em™! | 1054 e Qverlépped by Zn-O stretching
(Stretch) vibrational peaks
Egt-r(:;ch) 963 cm™!' | Overlapped by Zn-O stretching vibrational peaks.

5.3.3. Raman Spectroscopy

GO and TiO2-GO was analysed through Raman spectroscopy in order to study the
structure and bonding within TiO2-GO composite in detail. Raman spectra of GO
presented in Figure 5.3a displays two bands at 1355 cm™ (D band) and 1587 cm™ (G
band). The D band represents the disorder of sp* carbon atom (having A, symmetry)
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whereas G band could be attributed to the in-plane sp®> carbon (E;; symmetry)
vibrational mode of graphene skeleton. Raman spectra of TiO2-30% GO (Figure 5.3b)
also shows D and G bands of graphene moiety. Bands observed at 154 cm™, 394 cm
1,511 cm™ and 634 cm™ could be attributed to Eg(1), Big(1), Aigt Big) and Egp)
respectively of anatase phase TiO,. A band at 2695 cm™ was also observed in TiO»-
30% GO composite that attributes the characteristic 2D band of sp? carbon of
graphene. This band was however not observed in the spectra of GO. The appearance
of 2D band reveals the presence of reduced GO associated with TiO: in the
composite. The ratio of intensities of D and G bands (Ip/Ig) calculated to be 0.93 in
GO decreased to 0.62 in Ti02-30% GO. The decrease in the Ip/Ig value shows that
some of the sp® bonds have been converted in to sp? (or decrease in structural defects

within sp? carbon) as a consequence of partial reduction of GO in TiO,-GO

composite.
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Figure 5.3. Raman spectra of GO (a) and TiO2-30% GO (b) composite

5.3.4. X-ray photoelectron spectroscopy (XPS)

The interaction between TiO; and GO in TiO2-GO composites was further clear
from XPS analysis of GO and Ti0:-30%GO (Figure 5.4). XPS revealed the fact that
partial reduction of GO took place in TiO2-30%GO composites with the formation of
Ti-C and Ti-O-C bonds, between TiO> and GO. Bands corresponding to C 1s and O
Is were observed in the XPS of GO and the bands corresponding to Ti 2p, C 1s and O
Is were observed in the XPS of Ti02-30%GO (Figure 5.4 A).
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Figure 5.4. XPS of GO and TiO>-30%GO (A4). Deconvoluted XPS of Ti 2p, C 1s and
O Is regions of GO and TiO2-30% GO composite (B to F).

The deconvoluted spectra of C 1s region of GO exhibited three peaks corresponding
to the binding energies 284.7 eV, 286.8 eV and 288.1 eV that could be assigned to C-
C/C=C, C-0O and C=0 bonds respectively (Figure 5.4 B). C 1s region of TiO2-30%
GO composite (Figure 5.4 E) showed that the intensity of C-O binding energy peak
decreased considerably compared to the C-O peak in C 1s region of GO. This is a
clear evidence of partial reduction of GO. The C=0 bond observed in GO was shifted
to higher binding energy (288.5 eV) in Ti02-30% GO composite due to the formation
of Ti-O-C bond between TiO; and GO. A new peak centered at 283.4 eV represents
Ti-C bond formed between TiO> and GO. The O 1s region of GO showed a peak
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centered at 532.9 eV representing -OH bond and a less intense peak at 531.8
representing C-O bond (Figure 5.4 C). O Is region of TiO2-30% GO composite
displayed peaks centered at 529.4 eV, 530.5 eV, 531.5 eV and 532.95 eV representing
Ti-O-Ti, Ti-O-C, Ti-O-H and C-O bonds respectively (Figure 5.4 F). The
deconvoluted spectra of Ti 2p region of Ti02-30%GO composite gave four peaks
(Figure 5.4 D). The peaks at 458.1 eV (2p3/2) and 463.9 eV (2p1,2) originated from the
Ti-O bond existing in the composite. Low intense peaks centered at 458.3 eV (2p32)
and 462.9 eV (2p12) on the other hand originated from Ti-C bond in the composite.
The existence of strong interaction between TiO> and GO that could facilitate easy
transport of photo generated charges between the composites was evident through

XPS.

5.3.5. UV-visible Diffused reflectance spectroscopy (UV-DRS)
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Figure 5.5.1. UV-DRS of TiO>, GO & TiO>-GO composites (A). Optical bandgap
energy (Eg) determination of TiO> and TiO>-GO composites (B,C & D)

UV-visible spectra obtained from UV-DRS technique showed a decrease in the

characteristic absorption band in the UV region of nano TiO2 upon GO incorporation.
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A decrease in the UV absorption bands contradicted by the increase in the visible
region absorption bands were observed as a consequence of increasing weight
percentage of GO in TiO2-GO composites (Figure 5.5.1 A). The ability of TiO2-GO
composites by which they can absorb in the UV as well as visible region is evident
here. The visually observed bluish grey colouration of the TiO2-GO composites could
be seen due to the absorption in the visible region. The origin of the bluish colour may
be due to the reduction of some of the Ti*' ions into Ti*" ions during the process of
GO incorporation. Interaction of TiO» with the @ bonds of reduced graphene oxide
might have resulted in this reduction®!. Determination of optical bandgap energies
(E,) from the plots of F(R) v/s hv (irrespective of transitions), (F(R) hv)? v/s hv (direct
E,) and (F(R) hv)'? v/s hv (indirect Ey) was done (Figure 5.5.1 B,C &D). The E, of
the TiO2-GO composites were lower than that of TiO>. The E; of the composites

decreased as the percentage of GO increased. The values of Eg of the composites are

given in table 5.3.
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Figure 5.5.2. UV-DRS of ZnO, GO and ZnO-GO composites (4). Optical bandgap
energy (Eg) determination of ZnO and ZnO-GO composites (B, C & D)
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The UV-DRS of ZnO-GO composites followed the same trend as observed in the
case of TiO2-GO (Figure 5.5.2). The characteristic absorption bands in UV region of
the spectra decreased as the percentage of GO increased. The absorption bands in
visible region of the spectra on the other hand increased as the percentage of GO
increased. Coupling of GO with ZnO, modified their light absorption property
extending from UV region to visible region. The values of Eg of the composites (ie.,
E, irrespective of transitions, direct E¢ and indirect Eg) were lower than that of ZnO.
A decrease in Eg among the ZnO-GO composites was noticed as the percentage of GO
increased. Figure 5.5.2 B, C & D represent the plots F(R) v/s hv, (F(R) hv)? v/s hv and
(F(R) hv)"? v/s hv of ZnO-GO composites. The values of Eg are given in table 5.3.

Table 5.3. Values of optical bandgap energies of TiO>- GO and ZnO-GO.

Band gap Energy in eV
Method 110, TiO: TiO: TiO: TiO,
+1%GO +3%GO | +10%GO | +30%GO
F(R) vs hv 3.16 3.10 2.96 2.84 2.62
(F(R)hv)? vs hv 3.22 3.13 2.97 2.85 2.65
(F(R)hv)'?2 vs hv 318 3.11 2.98 2.84 2.62
Band gap Energy in eV
Method ZnO ZnO ZnO
Zn0O +3%GO | +10%GO | +30%GO

F(R) vs hv 3.2 3.02 2.93 2.80
(F(R)hv)* vs hv 3.25 3.03 2.94 2.80
(F(R)hv)2 vs hv 3.27 3.03 2.94 2.80

5.3.6. SEM-EDX, HRTEM and SAED

SEM image revealed that the prepared TiO2-GO composites existed as
nanoparticles (Figure 5.6.1 A). Atomic percentages of titanium, oxygen and carbon
were 15.92, 50.93 and 33.15 respectively as detected through EDX technique for
Ti02-3% GO composite (Figure 5.6.1 B). The Kal, KBl and Lal peaks of titanium
were observed at 4.5, 4.93 and 0.45 keV respectively. Kal peak of oxygen was seen
at 0.53 keV and that of carbon at 0.277 keV
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Element Weight % Atomic %
Ti 38.59 1592
(0] 41.25 5093
C 20.16 33.15
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Figure 5.6.2. HRTEM image (A, B & C), SAED pattern (D) of TiO>-3% GO

HRTEM image revealed that TiO2>-GO composite existed as separated particles.

GO sheet seemed to have broken down into thin sheets of nano dimensions associated
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with TiO, (Figure 5.6.2 A & B). Ultrasonication followed by hydrothermal process
might have caused the sheets to break up into such nano dimensions. Lattice fringes
with a spacing of 0.35 nm assigned to TiO> anatase (101) planes could be visualised
through HRTEM image (Figure 5.6.2 C). Selected area electron diffraction (SAED)
pattern revealed the crystalline nature of the composite with distinguished spots
(Figure 5.6.2 D). Points corresponding to (101), (200) and (105) planes of anatase
phase and (101), (111) planes of rutile phase TiO> were spotted from SAED patterns.
The results were in well agreement with powdere XRD patterns. Average particle size

was determined to be = 44 nm from the HRTEM image using image j software.

% cps/eV

Elemen Weight Atomic
t % %
Zn 51.73 1831
(o] 23.62 34.18
C 24.65 47.51

l. B

1 T T L T T T T
2 4 6 8 10 12 14 16 18 20

EHT = 5.00kV Sigral A = InLens Ciate :24 Jun 2020
WD= 7.4 mm Mag= S0.00KX Time :12:56:37 Energy [keV]

Figure 5.6.3. FESEM image (A) and EDX (B) of ZnO-30% GO composite.

The FESEM image of ZnO-30% GO composite showed that ZnO existed as
hexagonal rods associated with GO layers (Figure 5.6.3 A). The length of the rods
ranges from 90 nm to 700 nm. ZnO crystals however were bonded together by GO
sheets. EDX peaks (Figure 5.6.3 B) corresponding to zinc were observed at 1.02
(Lal, LB1 and LPB3 overlap), 8.62 (overlap of Kal and Ka2 overlap) and 9.58 (KB1
and KB2 overlap) keV. Peak corresponding to oxygen was observed at 0.53 (Kal)
keV and that of carbon was observed at 0.277 (Kal) keV respectively.

HRTEM of ZnO-30% GO revealed that the composites were more aggregated as
compared to TiO2-GO (Figure 5.6.4 A and B). The existence of ZnO particles as rods
of non-uniform dimensions, observed in FESEM image were further supported by
HRTEM of ZnO-30% GO composite. The GO layers existed as microsized sheets
holding ZnO rods together. Some GO layers were wound around ZnO rods. The
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length of the ZnO rods ranges from around 90 nm to 700 nm as observed through
FESEM. Lattice fringes with a spacing of 0.28 nm assigned to (100) plane of ZnO
could also be observed in the HRTEM image (Figure 5.6.4 C). SAED pattern of ZnO-
30% GO composite revealed its predominant amorphous nature with halo rings (faded
edges) (Figure 5.6.4 D). The spots corresponding to the plane of reduced GO (rGO),
(102) and (110) planes of ZnO were however distinguished from SAED pattern of the

composite.

Figure 5.6.4. HRTEM image (A,B & C), SAED pattern (D) of ZnO-30% GO

5.3.7. Interactions of TiO2/ZnO with GO in the composites

The existence of broad bands of -OH could be seen on the FTIR spectra of TiO>

and ZnO as discussed in chapter 3. These broad bands of -OH vibrations arise from

the OH™ ions adsorbed by the surface of TiO2/ZnO from the atmosphere. These -OH
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groups can interact with the oxygen atoms on the >C=0 or -COOH groups of GO to
form hydrogen bonds as represented schematically in Figure 5.7°!. The possibility of
such hydrogen bond linkages between TiO2/ZnO and GO cannot be ruled out as broad
bands between 3500 cm™! and 3000 cm™ were present in FTIR spectra of TiO,-GO as

well as ZnO-GO composites.

| Hydrogen bond |

\o HOOC
|

QH Cn:l |
HO N ——— ’bC

Figure 5.7. Interaction between TiO>-
OH GO or ZnO-GO through hydrogen

Hydrogen

bond bond formation

Ti0,-GO or ZnO-GO

A considerable shift in the >C=0 and >C=C< stretching bands of GO towards
lower wavenumber along with the decrease in their intensities were observed in the
FTIR spectra of TiO2-GO and ZnO-GO compared to that of uncoupled GO (Figure
5.2). As the percentage of TiO»/ZnO increased in the composites, the shift in the
stretching bands increased along with the decrease in the peak intensities upto a level
such that the presence of >C=C< was almost too difficult to be noticed. For the TiO;-
1% GO and ZnO-3% GO (where the percentage of TiO2/ZnO was comparatively
highest) the stretching bands of >C=0 and >C=C< which were supposed to appear at
the adjacent positions (1719cm™ and 1622cm™) were shifted and merged almost into a
single band. This shift may be explained due to the formation of Ti-O-C/Zn-O-C
bond*?. The existence of Ti-O-C bond in Ti02-30%GO was confirmed through XPS
discussed above. The condensation of -OH groups associated with TiO2/ZnO and the
functional groups present in GO leads to the formation of Ti-O-C/Zn-O-C
bonds?*°%3. The bands corresponding to Ti-O-C bond supposed to appear at around
800-850 cm! for TiO2-GO composites were however not clear due to the overlap of

Ti-O-Ti stretching band. A peak at around 833 cm™ was observed for ZnO-GO
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composites which may be attributed to Zn-O-C stretching®*. XPS analysis also

showed the existence of Ti-C bond between TiO, and GO.

Ti-O-C/Zn-O-C and Ti-C bonds may shift the valence band of TiO»/ZnO GO to
lower level, thereby reducing the bandgap®*. The lowering of bandgap energy (E,) in

T102-GO and ZnO-GO composites was evident based on the above results.

In addition to the Ti-O-C/Zn-O-C bonds or hydrogen bond formation, the
interfacial electron transfer between the heterojunctions (Ti02-GO & ZnO-GO) is also
favoured®®3’. GO plays the role of electron acceptor which accepts electrons into its

Fermi levels from the conduction band of TiO»>>.

Section 11

Photodegradation of polystyrene using TiO2-GO and ZnO-
GO composites as photocatalysts

The role of TiO,-GO as well as ZnO-GO composites as photocatalysts in the
photodegradation of PS under UV irradiation was studied. PS-TiO2-GO and PS-ZnO-
GO composites were prepared by solvent casting as discussed in chapter 2. The
specimens for electrical and mechanical studies were also prepared. Photodegradation
studies of the specimens were carried out. The results obtained through various
monitoring techniques adopted for photodegradation studies are interpreted and

discussed below.
5.4. Results and Discussion
5.4.1. Gel permeation chromatography (GPC)

The number average (M,) and weight average (M,,) molecular weight of PS-
Ti02-GO (Figure 5.8.1) as well as PS-ZnO-GO (Figure 5.8.2) composites decreased
as the time of UV irradiation increased. The decrease in the average molecular weight
was predominant in PS-TiO2-GO composites compared to that of PS-ZnO-GO. It was
also observed that PS-TiO2-GO and PS-ZnO-GO composites underwent a better

decrease in the average molecular weights compared to that of PS-TiO2 and PS-ZnO
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composites. The maximum decrease in the average molecular weights among the PS-
TiO2-GO composites upon UV irradiation was observed in PS-(Ti02-30% GO). The
decrease in the average molecular weight in the case of PS-ZnO-GO on the other hand
was observed in PS-(ZnO-10% GO). The decrease in M, and M, for PS-(ZnO-30%
GO) was not as pronounced as that of PS-(ZnO-10% GO) composite.
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Figure 5.8.1. A) Weight average (M,,) and B) number average (M,,) molecular
weights of PS-TiO>-GO composites under different UV irradiation time
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Figure 5.8.2. A) Weight average (M,,) and B) number average (M,,) molecular
weights of PS-ZnO-GO composites under different UV irradiation time

The number of chain scissions per molecule (S) and the number of scission events
per gram (N;) of PS-TiO.-GO (Figure 5.8.3) and PS-ZnO-GO (Figure 5.8.4)
composites increased with respect to UV irradiation time. Maximum increase in the

chain scissions on UV irradiation was observed for PS-(Ti02-30% GO) among the
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PS-Ti02-GO composites. Among PS-TiO-GO composites, PS-(ZnO-10% GO)
underwent maximum chain scission. The increased S and N; of PS-TiO>-GO

composites were better, compared to that of PS-ZnO-GO composites.
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scission events per gram (Ny) of PS-TiO>-GO composites under different UV
irradiation time intervals
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Figure 5.8.4. (A) Number of chain scissions per molecule (S) and (B) number of
scission events per gram (Ny) of PS-ZnO-GO composites under different UV

irradiation time intervals
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The increase in the polydispersity index of PS-TiO,-GO as well as PS-ZnO-GO

composites increased as the time of UV irradiation increased (Figure 5.8.5). The

increase in the randomness of chain cleavage is highlighted here.
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Figure 5.8.5. Polydispersity index (PDI) of PS-TiO>-GO (A) and PS-ZnO-GO (B)

composites under different UV irradiation time

5.4.2. FTIR Spectroscopy

FTIR spectra of PS-Ti0>-GO composites showed an increase in the intensity of
stretching vibrations corresponding to >C=0 (1740- 1700 cm™), -OH/ -OOH (3700-
3600 cm™), >C=C< (1680-1650 cm™) etc. as the time of UV irradiation increased,
suggesting photo-oxidation. We could also observe that PS-TiO>-GO composites
underwent better photo-oxidation compared to that of PS-TiO» composites.
Enhancement in the photocatalytic efficiency of TiO2 upon surface modification with
GO was evident. The extent of photo-oxidation was found maximum in PS-(TiO:-
30% GO) composite compared to the other PS-TiO>-GO composites. Photo-oxidation
upon UV irradiation for PS-Ti02-GO composites followed the order: PS-(Ti102-30%
GO) > PS-(TiO2-10% GO) > PS-(TiO2-3% GO) > PS-(TiO2-1% GO). This trend
revealed that the extent of photo-oxidation increased as the percentage of GO
associated with TiO> in the composites increased. Figure 5.9.1 and 5.9.2 represents

the FTIR spectra of PS-(TiO2-10% GO) and PS-(Ti02-30% GO) respectively.
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Figure 5.9.1. FTIR spectra of PS-3%(TiO2-10% GO) after different UV exposure time
intervals ranging from 0 h to 1000 h.
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Figure 5.9.2. FTIR spectra of PS-3%(TiO2-30% GO) after different UV exposure
time intervals ranging from 0 h to 1000 h.

FTIR spectra of PS-ZnO-GO composites looked similar to that of PS-TiO2-GO
composites. PS-ZnO-GO composites too underwent photo-oxidation upon UV
irradiation. The only difference was in the extent of photo-oxidation of the composites
which was more pronounced in PS-TiO2-GO compared to that of PS-ZnO-GO. PS-
Zn0O-GO underwent better photo-oxidation as compared to PS-ZnO composites. The
order of photo-oxidation among PS-ZnO-GO composites was as follows: PS-(ZnO-

10% GO) > PS-(Zn0O-30% GO) > PS-(Zn0O-3% GO). Maximum photo-oxidation

Page 158



Chapter 5

among the PS-ZnO-GO composites was exhibited by PS-(ZnO-10% GO). Excess of
GO in PS-(ZnO-30% GO) composite might have hampered the rate of photo-
oxidation. This irregular trend could be explained by the aggregation of ZnO-GO
composites due to the uneven distribution of GO and ZnO in the composites which

increased as the percentage of GO increased. Figure 5.9.3 and 5.9.4 represents the

FTIR spectra of PS-(ZnO-10%GO) and PS-(ZnO-30%GO) respectively.
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Figure 5.9.3. FTIR spectra of PS-3%(Zn0O-10% GO) after different UV exposure time

intervals ranging from 0 h to 1000 h.
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Figure 5.9.4. FTIR spectra of PS-3%(Zn0-30% GO) after different UV exposure time
intervals ranging from 0 h to 1000 h.
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The absorption bands at 691 cm™!, 752 cm™, 905 cm™ and 1027 cm™! representing
phenylic -C-H out of plane bending did not show changes in their intensity in both
PS-Ti0,-GO and PS-ZnO-GO composites. The peak at 1448 cm™ corresponding to
aromatic carbon-carbon double bond stretch also exhibited no change in peak
intensity. This could be due to the fact that the phenyl group may have remained
intact upon UV irradiation of 1000 hours.

5.4.3. UV-visible Diffused reflectance spectroscopy (UV-DRS)
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Figure 5.10.1. UV-DRS of PS-3%(TiO>-30% GO) (A), PS-3%(ZnO-10% GO) (C)
and degradation percentages of PS-TiO>-GO (B), PS-ZnO-GO (D) composites at
different UV exposure time intervals ranging from 0 h to 1000 h

Both PS-TiO>-GO and PS-ZnO-GO absorbed in the UV as well as in the visible
region of spectra as evident from their UV-DRS. Maximum absorption was observed
in the UV region of the spectra for all the composites. The absorption in the UV
region decreased as the time of UV irradiation increased. Maximum decrease in the

UV absorption bands was observed in PS-(TiO2-30%GO) among PS-TiO>-GO
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composites (Figure 5.10.1 A). PS-(ZnO-10%GO) underwent maximum decrease in
UV absorption among the PS-ZnO-GO composites (Figure 5.10.1 D). A red shift was
observed with a slight increase in the absorption bands in visible region for the
composites, with an increase in UV exposure time. Degradation percentage
determined from UV-DRS of PS-Ti0,-GO as well as PS-ZnO-GO are represented in
Figure 5.10.1 B and Figure 5.10.1 D respectively. The degradation efficiency of PS-
(Ti02-3% GO), PS-(Ti02-10% GO) and PS-(Ti02-30% GO) increased by 13.24,
16.38 and 19.4 % and that of PS-(ZnO-3% GO), PS-(Zn0O-10% GO) and PS-(ZnO-
30% GO) increased by 9.35, 13.74 and 13.54 % respectively with respect to pristine
PS.

Optical bandgap energy (Eg) of PS-Ti02-GO and PS-ZnO-GO films before and
after UV irradiations at different time intervals was determined using Tauc relation.
The values of E; decreased towards lower energy with respect to UV exposure time of
the composites. Figure 5.10.2 represents the direct Ey determination of PS-(T102-30%
GO) and PS-(ZnO-10% GO) composites by plotting (ahv)> versus hv and
extrapolating the linear portion of the curve towards energy (hv) axis. The decrease in
E; could be due to the formation of conjugated double bonds or other species that can
absorb the visible light. Degradation of PS chain, leading to the decrease in
characteristic UV absorption of PS composites upon UV irradiation also plays a vital

role in the decrease of E; of the composites.
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Figure 5.10.2. Optical bandgap energy determination from the plot of (ahv)’ v/s hv
for PS-3%(Ti0>-30% GO) (A) and PS-3%(Zn0O-10% GO) (C) composites subjected
to different UV exposure time intervals ranging from 0 h to 1000 h
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5.4.4. Mechanical Properties
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Figure 5.11.1. Flexural (A) and tensile (B) strengths of PS-TiO>-GO composites

before UV irradiation- a comparison
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Figure 5.11.2. Flexural (A) and tensile (B) strengths of PS-ZnO-GO composites

before UV irradiation-a comparison
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The flexural and tensile strengths of non-irradiated PS-TiO>-GO composites were
greater than that of PS-TiO> composites (Figure 5.11.1). It was also found that the
mechanical strength of the composites increased as the percentage of GO in the
composites increased. Maximum flexural and tensile strengths were observed in PS-
(Ti02-30% GO) compared to the other PS-TiO-GO composites. This enhanced
mechanical property of PS-TiO>-GO composites promises their application in such

devices or commodities where better mechanical strength is in demand.

The flexural and tensile strengths of PS-ZnO-GO composites were better
compared to PS-ZnO composite (Figure 5.11.2). In the present study, maximum
mechanical strength was observed in PS-(ZnO-10% GO) among the PS-ZnO-GO
composites. The mechanical strength of PS-(ZnO-10% GO) was even greater than PS-
(Zn0O-30% GO).

Comparing Figures 5.11.1 and 5.11.2, it was observed that mechanical strengths
of PS-Ti02-GO composites were better than that of PS-ZnO-GO composites. This fact
could be explained on the basis of poor distribution of ZnO-GO compared to that of
Ti02-GO along the PS matrix. It could be visualized from the SEM and HRTEM
images discussed in previous section that ZnO-GO existed as small aggregates while
Ti02-GO existed as dispersed nanostructures. The existence of nano sized TiO2 in
Ti02-GO composites provided better surface area for associating with GO, breaking
them apart into nanosheets. The growth of ZnO particles to bigger rod shaped
structures in ZnO-GO composites, on the other hand, provided comparatively lesser
surface area for GO association. The GO which remained unassociated with ZnO
existed as aggregates as observed in SEM and HRTEM images. Loading PS with
Zn0O-GO hence resulted in composites with comparatively lower mechanical strength

compared to PS loaded with TiO»>-GO.

The flexural (Figure 5.11.3) and tensile (Figure 5.11.4) strengths of PS-Ti0,-GO
and PS-ZnO-GO composites decreased as the time of UV irradiation increased. PS-
TiO2-GO composites underwent better decrease in the mechanical properties
compared to PS-ZnO-GO composites upon UV irradiation. PS-(TiO2-30% GO)
composite underwent maximum decrease in mechanical properties among the PS-
TiO2-GO composites. PS-(ZnO-10% GO) showed maximum decrease in the

mechanical properties among the PS-ZnO-GO composites.
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Figure 5.11.3. Flexural strength of A) PS-TiO>-GO and B) PS-ZnO-GO composites
exposed to UV radiation for 0, 400 and 1000 h.
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Figure 5.11.4. Tensile strengts A) PS-TiO>-GO and B) PS-ZnO-GO composites
exposed to UV radiation for 0, 400 and 1000 h.

5.4.5. Electrical properties

Dielectric breakdown (BDV) of PS-TiO,-GO and PS-ZnO-GO composites was
lower compared to PS-TiO; and PS-ZnO composites respectively. BDV of the
composites decreased as the percentage of GO in the composites increased (Figure
5.12.1). The presence of conducting GO in the composites might have resulted in the
easy passage of electric current leading to easier breakdown of the composites. BDV
of the composites decreased with the increase in UV irradiation time (Figure 5.12.1).
The formation of charged centers with better mobility through the composites on UV

irradiation was hence evident. BDV of PS-(TiO2-30% GO) decreased to a greater
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extent among the PS-TiO2-GO composites with the increase in UV irradiation time.
PS-(Zn0O-10% GO) composite showed better decrease in BDV among the PS-ZnO-

GO composites upon UV irradiation.
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Figure 5.12.1. Dielectric breakdown of PS-TiO>-GO and PS-ZnO-GO composites
exposed to UV radiation for 0, 400 and 1000 h.

Dielectric permittivity (&) of the composites increased as the time of UV
irradiation increased. Figure 5.12.2 represents the dielectric permittivity of PS-(TiO»-
30% GO) and PS-(ZnO -30% GO) composites with UV exposure intervals of 0, 400
and 1000 hours respectively. In both the composites, &: increased as the time of UV

irradiation increased.
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Figure 5.12.2. Dielectric permittivity of PS-(TiO>-30%GO) and PS-(ZnO-30%GO)

composites exposed to UV radiation for 0, 400 and 1000 h.
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5.4.6. Thermogravimetric Analysis (TGA)
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Figure 5.13. TGA thermogram of PS-3% (TiO2+30% GO) (A) and PS-3%
(ZnO+30% GO) (B) composites before and after UV irradiation of 1000 h

TGA thermograms of PS-(TiO2-30% GO) and PS-(ZnO-30% GO) conducted
under nitrogen atmosphere as represented in figure 5.13, displayed two stages of
weight loss. The first stage of weight loss represents water desorption and the second
stage represent decomposition of the polymer composites. The decomposition
temperature of PS-(T102-30% GO) ranged between 320-434°C before UV irradiation
(Figure 5.13 A). The decomposition temperature of PS-(ZnO-30% GO) before UV
irradiation was between 314-429°C respectively (Figure 5.13 B). The decomposition
temperatures of the composites decreased with the increase in UV exposure time. The
decomposition temperature of PS-(Ti02-30% GO) decreased 872-401°C and that of
PS-(Zn0-30% GO) decreased to 292-408°C respectively upon UV irradiation of 1000
hours. Decreased thermal stability of the polymer composites as a result of

degradation is evident here.

5.4.7. Weight loss

Weight loss percentage of PS-TiO2-GO and PS-ZnO-GO composites exposed to
UV radiation of varying time intervals ranging from 0 to 1000 hours are represented
below (Figure 5.14). The percentage of weight loss increased with respect to UV
irradiation time. Evolution of volatile species produced during the photodegradation

process is evident here. PS-(Ti02-30% GO) underwent maximum weight loss among
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PS-Ti02-GO composites and PS-(ZnO-10% GO) underwent maximum weight loss
among PS-ZnO-GO composites upon UV irradiation.
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Figure 5.14. Comparison of weight loss percentages of PS-3%(TiO>- GO) (4) and
PS-3%(ZnO-GO)(B) composites at regular intervals of UV irradiation

5.5. Mechanism of Photodegradation of PS-TiO:-GO/ PS-ZnO-GO

composites

It was confirmed from various analytic techniques discussed above that PS-TiO»-
GO and PS-ZnO-GO composites underwent better photo-oxidative degradation
compared to PS-TiO; and PS-ZnO composites. In other words, the photocatalytic
efficiency of TiO> and ZnO has been enhanced on coupling them with GO. GO
coupled with TiO2 or ZnO reduces the electron—hole recombination upto an
appreciable extent. Raman spectroscopy proved the partial reduction of GO (into
reduced graphene oxide) in TiO-GO composites discussed above. The reduced
graphene oxide acts as better electron sink. The photogenerated electrons present in
the conduction band (CB) of TiO2 or ZnO are transferred into the Fermi levels of
carbon atoms of these reduced GO instead minimizing the chance of recombining™.
These electrons are resonance stabilized in the GO sheet and can recombine with
adsorbed oxygen producing various reactive species (like O, Ox¢™ etc). These species
interact with the PS chain initiating photo-oxidation of the chain. The holes left
behind in the VB of TiO; or ZnO can now combine easily with the adsorbed water or
OH" ions resulting in the formation of OHe which interacts with the PS chain
initiating another set of reactions including —OH and —OOH substitution over the

chain (Figure 5.15).
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Polystyrene
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Figure 5.15. Schematic representation of photodegradation mechanism of PS by
TiO>-GO/ZnO-GO catalysts through charge transfer

Other than the interfacial charge transfer occurring in the heterojunctions of the
metal oxides and GO, the formation of Ti-O-C/Zn-O-C and Ti-C bonds act as a bridge
for the transport of electrons. The photogenerated electrons transported from the
Ti02/Zn0O to the carbon atoms of GO are highly stabilized and hence the chance of

recombination of the electron-hole pair is minimized.
5.6. Conclusions

GO could be successfully prepared from graphite through chemical oxidation
approach following ultrasonication assisted modified Hummer’s method. TiO>-GO

and ZnO-GO composites were prepared through ultrasonication assisted hydrothermal
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method. Preparation of TiO2-GO resulted in nano sized separated crystalline particles
whereas ZnO-GO were aggregated. Photodegradation of PS in the presence of TiO»-
GO and ZnO-GO composites as photocatalysts were studied. Both PS-TiO2-GO and
PS-ZnO-GO underwent photo-oxidative degradation in the presence of UV radiation.
They also underwent polymer chain scission upon UV irradiation. The composites
underwent better photodegradation compared to PS-TiO, as well as PS-ZnO
composites. Mechanical properties of the composites were enhanced in PS-TiO>-GO
and PS-ZnO-GO composites compared to PS-TiO> and PS-ZnO composites. Possible
application of the composites, where better mechanical strength is in demand, is hence
promised. The mechanical strength of the composites decreased when subjected to
UV irradiation. The value of BDV of the composites was lower than that of PS-TiO»,
PS-ZnO and even PS. The possibility for the application of the composites, where
better conductivity is required, can hence be assured. BDV of the composites
decreased upon UV irradiation. Formation of charged species as a consequence of
photodegradation was hence evident. Dielectric permittivity of the composites
increased upon UV irradiation due to the formation of charged dipoles. The thermal
stability of the composites too decreased as a consequence of photodegradation as
evident from TGA. It can be concluded that the photocatalytic efficiency of TiO, and
ZnO was enhanced upon coupling with GO. The possibility of various interactions
including hydrogen bond and Ti-O-C/Zn-O-C bond formation between TiO2/ZnO and
GO could have assisted the intrafacial charge transfer between the heterojunctions of
Ti102/ZnO and GO. The photogenerated electrons can transfer from the conduction
bands of TiO2/ZnO into Fermi levels of GO. This appreciably decreases the electron-
hole recombination possibility within TiO2 or ZnO. The resonance stabilized electrons
delocalized in the m bonds of GO can interact with oxygen atoms in the atmosphere
leading to reactive species that could initiate the photodegradation of PS chain. The
holes left behind in the valence band of TiO2/ZnO could further combine with the
adsorbed water molecules or OH™ ions resulting in OHe that can interact with PS chain
resulting in its degradation. PS-TiO>-GO composites underwent better photo-
oxidative degradation compared to PS-ZnO-GO composites. PS-(Ti02-30% GO)
exhibits maximum photodegradation among PS-TiO>-GO composites and PS-(ZnO-
10% GO) exhibits maximum photodegradation among PS-ZnO-GO composites.
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Chapter 6
UV Degradation of Polystyrene using Organic

Photosensitizers Coupled and Uncoupled with

Nano TiO;

Abstract

Photodegradation of PS was studied in the presence of a few benzophenone
derivatives and triphenylmethane dyes as photosensitizers. The benzophenone
derivatives acted as effective photosensitizers for the UV degradation of PS.
Triphenylmethane dyes on the other hand were not appreciable photosensitizers for
the photodegradation of PS. Photocatalytic activity of TiO2 enhanced considerably in
the presence of benzophenone derivatives and triphenylmethane dyes. Photocatalytic
activity of benzophenones, under of UV light could be explained on the basis of
diradicaloid formation. The difficulty in diradicaloid formation of 2-hydroxy-4-
methoxybenzophenone (2HO4MOBP) due to photoenolization made it a weaker
photosensitizer, compared to the other benzophenone derivatives under study. It was
evident from the FTIR spectra that formation of alkenic double bonds dominated over
other oxygen containing functional groups when PS-benzophenone based

photosensitizer composites were subjected to UV irradiation.
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6.1. Introduction

The effect of various substituted benzophenone and triphenylmethane dyes which
acts as photosensitizers for the photodegradation of polystyrene (PS) is studied in this
chapter. The photocatalytic efficiency of nano TiO> in the presence of these
photosensitizers is also studied. Benzophenone (BP) is a renowned photosensitizer
used in various photochemical reactions including photodegradation of polymers!-.
The photodegradation of PS by BP has been extensively studied®”’. BP absorbs UV
radiation leading to homolytic cleavage of the m bond belonging to its >C=0 group
producing radicals. The photochemistry of BP is based on the reaction of these
radicals with another species before recombination. The two phenyl rings directly
connected to the carbonyl carbon are in conjugation with it. This ensures the stability
of the radicals formed, minimizing the chance of recombination up to an extent. The
radicals can be transferred to the neighbouring molecules initiating different types of
photochemical reactions according to the nature of molecules. These reactions are
named as triplet-triplet energy transfer (T-TET), type I electron transfer, type I H-
abstraction and type II singlet oxygen process®. In T-TET process, the spin and the
energy are transferred between excited triplet state of benzophenone (*BP*) and the

neighbouring molecule as elucidated in figure 6.1.
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Figure 6.1. Photoreactions of benzophenone
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T-TET in BP-naphthalene®'® and BP-fluorine-naphthalene'! systems have been
reported. Type I processes take place when *BP* reacts with neighbouring substrate or
solvent. Electron transfer or hydrogen abstraction takes place during #ype I process.
The result of this reaction is formation of radicals in the solvent or substrate
molecules triggering radical initiated photochemical reactions in most cases. Type II
singlet oxygen process take place when *BP* reacts with oxygen. Singlet oxygen is
produced as a consequence of these reactions by energy transfer which are reactive

and can interact with another substrate to initiate photochemical reactions'?.

The stability of the radicals in *BP* is the key factor that determines all types of
energy transfer or processes discussed above. The stability of the radicals in BP* can
be increased by increasing the aromaticity of the phenyl rings in the system.
Substitution of electron donating groups on the phenyl ring can increase their
aromaticity. Substituted benzophenones containing electron releasing as well as
withdrawing groups have been chosen in this study and their photocatalytic efficiency
have been compared with that of unsubstituted benzophenone for the

photodegradation of PS under UV radiation.

The absorption of benzophenone is limited to the UV region of the spectrum. The
use of selective organic dyes in the place of BP comes into picture in this point of
view. Organic dyes can absorb in the UV as well as visible region. Organic dyes have
been extensively used in various applications especially in the fields of dye sensitized
solar cells (DSSC)'*!4, organic light emitting diodes (OLED)!>!'® liquid crystals
(LC)'7!® " sensors for photoconductivity!® and so on. Dye photosensitized
photodegradation of polymers has also been studied’®*!. Triphenylmethane dyes
(methyl blue and malachite green) have been adopted as photosensitizer for PS
photodegradation in this study. Triphenylmethane dyes are cheap with an attractive
property of their brilliant colours?>. Dyes also exhibit amazing properties in
association with other substances. For example, proteins bonded to triphenylmethane
dyes exhibit enhanced quantum yield, photo reactivity, intersystem crossing and
fluorescence. The interaction of these dyes with proteins through type I electron or
hydrogen transfer process as explained above resulted in these enhanced properties®>.

Polymers incorporated with triphenylmethane dyes are widely used in various fields
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including medicines, waste water treatments, gas separation, painting industry, dyeing
process etc.

TiO2 coupled with BP photosensitizers as well as with triphenylmethane dyes
promises an effective photocatalyst with enhanced properties. TiO2-BP blend has
proven to be an efficient photocatalyst for the photo-oxidative degradation of
polyethylene. The interaction of BP with the hydroxy (OH¢) and hydroperoxy (OOH?¢)
radicals (which are produced by interaction of the electrons and holes produced in
TiO2 with water and oxygen) leading to further radical formation on exposure to
sunlight have been discussed here. The radical products react with the polyethylene
chain resulting to its photodegradation’>. When triphenylmethane dyes are coupled
with TiOz, the mechanism is rather different. The dye absorbs light radiation in the
visible and UV region leading to charge separation at the interface of TiO> and dye.
The process termed as photo induced electron injection leads to the charge transport

from excited dyes into the conduction band of TiO2%°.

Section:I
UV degradation of polystyrene using benzophenone

derivatives and organic dyes as photosensitizers

Photodegradation of PS using benzophenone derivatives and triphenylmethane
dyes has been discussed in this section. The benzophenone derivatives are hereafter
termed as ‘benzophenone based photosensitizers” and the triphenyl methyl dyes are
termed as ‘dye photosensitizers’. The benzophenone based photosensitizers included
in this study are benzophenone (BP), 2-hydroxy-4-methoxybenzophenone
(2HO4MOBP), 4-methoxybenzophenone (4MOBP), 2-chlorobenzophenone (2CIBP)
and 4-nitrobenzophenone (4NBP). The dye photosensitizers included in this study are
malachite green (MG) and methyl blue (MB).

Structure and properties of the benzophenone based photosensitizers and dye

photosensitizers included in this work are as tabulated in tables 6.1.1 and 6.1.2.
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Table 6.1.1. List of benzophenone based photosensitizers

Benzophenone based photosensitizers

Boiling Melting
Structure Name Abbreviation | point point
(§(®) (°0)
O
Benzophenone BP 305.4 48.5
0] OH
2-hydroxy-4-
2HO4MOBP | 150-160 62-64
methoxybenzophenone
OCHg34
0]
4-
O methoxybenzophenone 4MOBP 354-356 60-63
OCH3
(0] Cl
2-chlorobenzophenone 2CIBP 330 44-47
0]
‘)‘\‘\ 4-nitrobenzophenone 4NBP 390+25 136-138

NO,
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Table 6.1.2. List of dye photosensitizers

Dye photosensitizers

Boiling | Melting

Structure Name Abbreviation | point point
°C) (°0O)
Cr
HsC._ _CHj
l

| Malachite
green
_CHs

SN
| MG 52091 | 158-160

'°33\©\ O \ Methyl blue MB ; ;
N SN

Na* SO5°

The preparation of PS-dye and PS-benzophenone based photosensitizer
composites were as explained in chapter 2. The required weight percentage of the
photosensitizers was incorporated into the PS. Specimens for electrical and

mechanical measurements were also prepared.
6.2. Results and Discussion

6.2.1. Gel permeation chromatography (GPC)

The M,, and M,, of PS loaded with benzophenone based photosensitizers (Figure
6.2.1) as well as dye photosensitizers (Figure 6.2.2) decreased with respect to UV
irradiation time. Comparative decrease in the average molecular weights upon UV

irradiation showed only slight variation among the composites. The decrease in M,,
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and M,, among PS-benzophenone based photosensitizer composites was found to be
maximum in PS-4MOBP and minimum in PS-2HO4MOBP compared to their other
counterparts under study (Figure 6.2.1). Among the PS-dye composites, the extent of
decrease in the average molecular weights of PS-MG and PS-MB were almost similar
upon UV irradiation. PS-MB however exhibited slightly enhanced reduction in the

average molecular weights compared to that of PS-MG composite (Figure 6.2.2).
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Figure 6.2.1. A) Weight average (M,,) and B) number average (M) molecular
weights of PS-benzophenone based photosensitizer composites under different UV

irradiation time
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Figure 6.2.2. A) Weight average (M,,) and B) number average (M,,) molecular

weights of PS-dye composites under different UV irradiation time

The number of chain scission per molecule (S) and number of scission events per
gram (N;) determined from M, for the PS-benzophenone based photosensitizer
composites were found to be maximum for PS-4MOBP and minimum for PS-

2HO4MOBP upon UV irradiation (Figure 6.2.3). The values of S and N; of PS-MB
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were slightly higher than that of PS-MG among PS-dye photosensitizers composites

upon UV irradiation (Figure 6.2.4).
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Figure 6.2.3. A) Number of chain scissions per molecule (S) and B) number of

scission events per gram (N;) of PS-benzophenone based photosensitizer composites

under different UV irradiation time intervals
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Figure 6.2.4. A) Number of chain scissions per molecule (S) and B) number of

scission events per gram (Ny) of PS- dye photosensitizer composites under different

UV irradiation time intervals

Polydispersity index (PDI) of all the PS composites increased as the time of UV

irradiation increased (Figure 6.2.5). The increase in chain scission in random manner

due to photodegradation was evident here.

From the GPC data, maximum chain scission, as well as maximum decrease in the

average molecular mass was observed in PS-4MOBP composite among the PS-
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benzophenone based composites. It was also noted that various substituents on
benzophenone altered the rate of chain scission of the PS matrix to which they are
loaded. Among the PS-dye composites, PS-MB exhibited maximum chain cleavage

and decrease in average molecular mass compared to PS-MG.
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Figure 6.2.5. Polydispersity index (PDI) of PS—benzophenone based and PS-dye

photosensitizer composites, under different UV irradiation time.
6.2.2. FTIR Spectroscopy

The FTIR spectra of the PS composites displayed all the bands corresponding to
the stretching vibrations of PS as well as the photosensitizers loaded into it (Figure
6.3). The bands at 1740-1700 cm™' observed in all the PS-benzophenone based
photosensitizer composites before UV irradiation attributed to >C=0 stretching
vibrations of benzophenone moiety. Even though only 2HO4MOBP contains -OH
group, the spectra of all PS-benzophenone based photosensitizer composites exhibited
bands corresponding to -OH (3700- 3600 cm™) before UV irradiation. This could be
due to the enolic form of benzophenone moiety existing in the composites or could be
due to the adsorbed water from the atmosphere. As the time of UV irradiation
increased, an increase in the bands corresponding to >C=0 and -OH or -OOH was
observed suggesting photo-oxidation of PS chain. A striking observation for all PS-
benzophenone based photosensitizer composites was that increase in the intensity of
the bands between 1700 and 1650 cm™ (>C=C< stretching) was a little more than that
of the bands between 1740 and 1700 cm(>C=O stretching). This observation
supports the fact that the formation of alkenic double bonds over the PS chain took

place much effectively than the formation of carbonyl bonds for PS-benzophenone
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based photosensitizer composites upon UV irradiation. In the coming section (section
6.5), the possible reason for this observation is explained through suitable mechanism.
An increase in the band intensities corresponding to conjugated carbon-carbon double
bonds were also observed at around 1600 cm™. The yellowing of the composites upon
UV exposure was a visual support to the conjugated double bond formation which is
further supported by the UV-visible spectroscopy to be discussed shortly.
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Figure 6.3. FTIR spectra of PS-benzophenone based photosensitizer composites at different
UV exposure time intervals ranging from 0 h to 1000 h.
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Bands observed at around 690, 750, 905 and 1025 cm™ attributing -C-H out of
plane bending of the phenyl rings. The peaks at around 1448 cm™! was unaltered upon
UV irradiation. This observation supports the fact that the phenyl rings of PS matrix
remained unaltered upon UV irradiation of 1000 hours. In addition to this we could
also arrive into a possible conclusion that the phenyl rings of benzophenone

derivatives used as photosensitizers too remained without much degradation.

Maximum photo-oxidation was observed in PS-4MOBP followed by PS-2CIBP
composites and minimum photo-oxidation was observed in PS-2HO4MOBP among
the PS-benzophenone based photosensitizer composites. The extent of photo-
oxidation of the PS-photosensitizer composites was however lower compared to PS-

TiO2 composite.

Observations made from the FTIR spectra after UV irradiation of the PS-dye
photosensitizer composites were entirely different from that of PS-benzophenone
based photosensitizer composites. Much acceleration in the photodegradation was not
observed in PS-MB and PS-MG composites under UV radiation. The increase in the
absorption band intensities corresponding to >C=0, -OH, >C=C< etc was not in
accordance with UV irradiation time. The random increase in the bands of these
functional groups upon UV irradiation suggested the possibility of degradation/
reactions occurring on the organic dyes themselves. Randomness in the FTIR spectra
upon UV irradiation made it difficult to draw a conclusion regarding the photo-

oxidation on PS chains.
6.2.3. UV-visible diffused reflectance spectroscopy (UV-DRS)

UV-DRS of PS-benzophenone based photosensitizer composites showed that their
prominent absorption is in the UV region (Figure 6.4.1). Since PS as well as
benzophenone derivatives had their absorption maxima in the UV region, their
composites gave rise to broad band between 200-400 nm. The absorptions in the
visible region were almost absent. The intensity of absorption bands between 200-400
nm in all the PS-benzophenone based photosensitizers decreased as the time of UV
irradiation increased. This observed trend supported photodegradation. In addition to
the decrease in the intensity of absorption bands between 200-400 nm, bathochromic

shifts were also observed in the composites upon UV irradiation. Maximum decrease
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in the band intensity was observed in the PS-4MOBP composites followed by PS-

2CIBP and the minimum decrease was observed in PS-2HO4MOBP among PS-

benzophenone based composites.
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Figure 6.4.1. UV-DRS of PS-benzophenone based photosensitizer composites at

regular UV irradiation time intervals

UV-DRS of PS-dye photosensitizer composites displayed absorption bands in the

UV as well as visible region of the spectra (Figure 6.4.2). PS-MB composites
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exhibited absorption band with Amax at 273 nm (z—>n*). A shoulder peak was
observed at around 322 nm. Another less intense broad band was observed between
368 nm and 442 nm (n=>7*). A broad absorption band starting from 457 nm with Amax
at around 600 nm was also observed in the visible region (n>7*). A sudden change in
the shape of absorption bands were noticed even after 200 hours of UV irradiation of
PS-MB composite. The shoulder peak observed at around 300 nm was completely
masked by a new band between 200 to 350 nm in the UV irradiated composites. Upon
UV exposure for 200 hours, the intensity of broad band observed in the visible region
with Amax at around 600 nm had decreased considerably. On further UV exposure, the
intensity of absorption bands in the UV region decreased with a red shift. The
intensity of the broad bands in visible region observed, decreases gradually up to the
measured region. The decrease in intensity of bands observed in the visible region
could be due to the change in chemical structure or degradation of MB itself. The
quinonoid part of the dye might have transformed into benzenoid structure as a result
of UV irradiation leading to its decolouration. The decrease in the intensity of bands

observed in the UV region could be due to the degradation of PS as well as MB.
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Figure 6.4.2. UV-DRS of PS- dye composites at regular UV irradiation time intervals

The absorption bands of PS-MG composites (Figure 6.4.2) were observed at 263
nm and 348 nm (highest intensity) with a shoulder peak at 303 nm (x—>7*) in the UV
region. Another band extended from UV region to visible region having Amax at 433
nm (n—=>7*). The bands observed in the visible region at 502 nm and 634 nm (broad
high intense band) with a shoulder peak at 594 nm were of high intensity. UV

irradiation of PS-MG composites resulted in rearrangement of peak positions and
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intensities. As observed in the case of PS-MB composites, the bands at the UV region
of PS-MG composites too transformed into broader bands between 200-400 nm
masking the peak at 263 nm upon UV irradiation. The band at 433 nm remained as
shoulder of the broad band between 200-400 nm even after UV irradiation. A
decrease in the intensity of absorption bands in the UV region of PS-MG composites
were observed upon UV irradiation. This could be due to the degradation of PS and
MG. Decrease in the intensity of the bands in the visible region was also observed
upon UV irradiation. This could be due to the degradation/ structural change of MG

dye on UV irradiation.
6.2.4. Mechanical properties

The mechanical (flexural and tensile) properties of non-irradiated PS-
benzophenone based photosensitizer and PS-dye composites almost looked similar
except for a lower value observed in PS-MG composite compared to others (Figure
6.5.1). This observed decrease in the mechanical properties could be due to small
aggregation of MG formed within the PS composites affecting its uniform dispersion

up to an extent.
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Figure 6.5.1. Flexural (A) and tensile (B) strengths of PS-benzophenone based

photosensitizer and PS-dye composites before UV irradiation-a comparison

Plots of mechanical properties of PS-benzophenone based and PS-dye composites

with respect to UV irradiation of 0, 400 and 1000 hours are presented in figure 6.5.2.
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Out of the PS-benzophenone based photosensitizer composites, PS-3% 4MOBP
(which exhibited maximum degradation) and PS-3% 2HO4MOBP (which exhibited
minimum degradation) were chosen for mechanical testing. The mechanical
properties of PS-3% MG and PS-3% MB were also tested. Figure 6.5.2 shows that the
mechanical properties of all the composites decreased upon UV irradiation. PS-
4MOBP composite underwent more mechanical deterioration compared to PS-
2HO4MOBP as expected. The mechanical properties of PS-dye composites were not
as expected. Even though we have noticed that PS-MB composite underwent better
photodegradation compared to PS-MG composite, a decrease in the flexural and
tensile strength of PS-MB was less compared to PS-MG. The possible reason for such
an anomalous trend could be the poor dispersion of MG compared to MB in the PS
matrix. The slight aggregation of MG along the PS matrix might have weakened the

mechanical strengths of PS-MG composite.
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Figure 6.5.2. Flexural () and tensile (B) strengths of PS-benzophenone based and
PS-dye composites exposed to UV radiation for 0,400 and 1000 h

6.2.5. Electrical properties

Breakdown voltage (BDV) of PS-3% 4MOBP and PS-3% 2CIBP which
underwent better photodegradation among the PS-benzophenone based
photosensitizer composites and PS-3% MB which underwent better degradation
among the PS-dye composites were measured at UV irradiation time intervals 0, 400
and 1000 hours (Figure 6.6.1). A decrease in the BDV of the composites with respect

to UV irradiation time was observed. The extent of decrease in the values of BDV
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was found to be better for PS-3% 2CIBP compared to that of PS-3% 4MOBP
composite even though the later underwent better photodegradation compared to PS-
3% 2CIBP. This observed decrease in BDV upon photodegradation could be due to
the formation of more current conducting charge carriers in PS-3% 2CIBP compared

to PS-3% 4MOBP on UV exposure.
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Figure 6.6.1. Dielectric breakdown (breakdown voltage) of PS-4MOBP, PS-2CIBP

and PS-MB composites with varying UV irradiation time

Dielectric permittivity (&) of PS-3% 4MOBP, PS-3% 2CIBP among the PS-
photosensitizer composites (Figure 6.6.2) and PS-3% MB and PS-3% MG among PS-
dye composites (Figure 6.6.3) were measured at UV irradiation time intervals of 0,
400 and 1000 hours. The & of all the composites increased as the time of UV
irradiation is increased. Formation of charged polar species on UV exposure of the
samples as a result of photodegradation was hence evident. PS-3% 2CIBP underwent
better increase in & compared to PS-3% 4MOBP as the time of UV irradiation
increased. This shows that better charged dipoles may be found in UV irradiated PS-
3% 2CIBP compared to that of PS-3% 4MOBP. For the PS-dye system, PS-3% MB
exhibited better decrease in the value of & compared to PS-3% MG upon UV

irradiation.
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Figure 6.6.2. Dielectric permittivity of PS-3% 4MOBP and PS-3% 2CIBP composites
at UV irradiation intervals of 0 h, 400 h and 1000 h.
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Figure 6.6.3. Dielectric permittivity of PS-3% MB and PS-3% MG composites at UV
irradiation intervals of 0 h, 400 h and 1000 h.

6.2.6. Thermogravimetric Analysis (TGA)

The TGA of PS-3% 4MOBP (Figure 6.7 A) and PS-3% MB (Figure 6.7 B) which
underwent maximum photodegradation among the PS-benzophenone based
photosensitizer and PS-dye photosensitizer composites respectively were conducted
under nitrogen atmosphere. The thermogram of both the composites looked alike with
two stages of weight losses. The first stage of weight loss attributed to the water
desorption process and the second stage of weight loss represents the decomposition
of the composites. The decomposition temperature range for PS-3% 4MOBP and PS-
3% MB was 264-404°C and 269-408°C respectively. In both the composites the
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decomposition shifted to lower temperature range after UV irradiation. The
decomposition temperature range for PS-3% 4MOBP was shifted to 252-392°C and
that of PS-3% MB to 260-399°C upon UV irradiation of 1000 hours. The decrease in
the thermal property of the composites as a consequence of photodegradation on UV
exposure was hence concluded from this observation. Sharp decrease in the
decomposition peaks terminated at around 404°C (weight percent=4.16%) for PS-3%
4MOBP beyond which the decrease in weight percentage was too slow. Similar
observation was made for PS-3% MB beyond 408°C (weight percent=4.2%). The
termination point of steep decomposition curve of both the composites shifted to

lower values upon UV exposure of 1000 hours.
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Figure 6.7. TGA thermogram of PS-3% 4MOBP (4) and PS-3% MB (B) composites
before and after UV irradiation of 1000 h
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Figure 6.8. Comparison of weight loss percentages of PS-3% benzophenone based
photosensitizer (A) and PS-3% dye (B) composites at regular intervals of UV

irradiation
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Weight loss was observed in all the PS-benzophenone based photosensitizer
composites (Figure 6.8 A) as well as PS-dye composites (Figure 6.8 B) as the time of
UV irradiation of the samples increased. The weight loss percentage of the PS-
benzophenone based composites followed the order:- PS-3% 4MOBP > PS-3%
2CIBP > PS-3% BP > PS-3% 4NBP > PS-3% 2HO4MOBP. The weight loss
percentage of PS-dye composites followed the following order: - PS-3% MB> PS-3%
MG.

Section:11

Enhanced photocatalytic activity of nano TiO: coupled
benzophenone derivatives and organic dyes for the UV

degradation of polystyrene

6.3. Preparation of PS-TiO: -photosensitizer composites

Three sets of PS-TiO»-benzophenone based photosensitizer composites were
prepared as described in chapter 2. In the first set, the mole percentage of
benzophenone based photosensitizers were 50% of nano TiO». In the second set, the
mole percentage of TiO2 and benzophenone based photosensitizers were of equal
mole percentage. In the third set, nano TiO> was 50 mole percentage of benzophenone

based photosensitizers. All these composites were 3% by weight of PS.

The prepared combinations of PS-TiO>-dye photosensitizer were much different
from that of PS-TiO-benzophenone based photosensitizer composites. In this case,
better efficiency among the nano TiO2-dye composites were observed at low mole
percentage of the dye. Better degradation efficiency was observed when the mole
percentage of dyes was 5% of nano TiO». This optimisation in the percentage of dyes
was done by comparing the photodegradation of PS using nano TiO>-dye composites

where the mole percentages of the dyes were varied from 0.5% to 10% of nano TiOx.

The tables below describe in detail, the composition of the PS-TiO»-
benzophenone based photosensitizer and PS-TiO>-dye photosensitizer composites

prepared in our study for the photodegradation of PS.
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Table 6.2.1. PS-TiO>-benzophenone based photosensitizer composites

PS+3% (TiO:+50% benzophenone based photosensitizer) composites
nS(;l' Composites Description
1 PS+3% (TiO,+50% BP) e All the benzophenone based
o
2 [2 | PS+3% (Ti0,+50% 2HO4MOBP) compounds are 50 mole % of
77 —— . nano TiOs.
3 PS+3% (Ti02+50% 4MOBP) e The Ti0»-50% photosensitizer
4 | PS+3% (TiO>+50% 2CIBP) composites are 3 weight % of PS
5 | PS+3% (TiO2+50% 4NOBP)
PS+3% (TiO:+benzophenone based photosensitizer) composites
St , .
o Composites Description
- 1 PS+3% (TiO,+BP) e All the benzophenone based
2 [ PS+3% (TiO,+2HO4MOBP) compounds and nano TiO; are of
@ 3 ST39 (TI0.5aMO equal mole %
PS+3% (TiO+4MOBP) e The TiO,- photosensitizer
4 | PS+3% (TiO,+2CIBP) composites are 3 weight % of PS
5 | PS+3% (TiO,+4NOBP)
PS+3% (Benzophenone based photosensitizer + 50% TiO;) composites
St , .
o Composites Description
- 1 PS+3% (BP + 50% TiO,) e Nano TiO, was 50 mole % of
3 [0 PS+3% (2HO4MOBP+ 50% TiO5) benzophenone based compounds
77 .. .
3 PST3% (AMOBPT 50% Ti0 e The photosensitizer-50% TiO;
o ( 0 TiO,) composites are 3 weight % of PS
4 | PS+3% (2CIBP+ 50% TiO»)
5 | PS+3% (4NOBP+ 50% TiO»)
Table 6.2.2.PS-TiO>-dye photosensitizer compositse
St . o
o Composites Description
Set 1 1 PS+3% (TiO2 + 0.5% MB) | e The dyes are 0.5 mole % of TiO»
2 PS+39, (TiOz +0.5% MG) o The Ti0»-0.5% dye is 3 Weight % of PS
Set2 |1 | PS+3% (TiO; + 1% MB) e The dyes are 1 mole % of TiO»
2 PS+3% (TiO; + 1% MG) o The Ti0»-1% dye is 3 weight % of PS
Set3 |1 | PS+3% (TiO2+2% MB) | e The dyes are 2 mole % of TiO;
2 | PS+3% (TiO, + 2% MG) e The Ti0,-2% dye is 3 weight % of PS
Set4 |1 | PS+3% (TiO; + 3% MB) e The dyes are 3 mole % of TiO»
2 PS+3% (TiO2 + 3% MG) e The Ti0,-3% dye is 3 weight % of PS
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SetS |1 | PS+3% (TiO; + 5% MB) e The dyes are 5 mole % of TiO»
2 PS+3% (TiO2 + 5% MG) o The Ti0,-5% dye is 3 weight % of PS

Set6 |1 | PS+3% (TiO2+ 7% MB) | e The dyes are 7 mole % of TiO;
2 | PS+3% (TiO, + 7% MG) o The Ti0»-7% dye is 3 weight % of PS

Set7 |1 | PS+3% (TiO2+ 10% MB) | e The dyes are 10 mole % of TiO»
2 PS+39, (TiOz +10% MG) e The Ti0»-10% dye is3 Weight % of PS

For the preparation of PS-TiO;-photosensitizer composites, particular mole
percentage of the photosensitizers with respect to nano TiO> was weighed. Nano TiO>
and the weighed photosensitizers were mixed. 3 weight percentage of the TiO»-

photosensitizer mixture was loaded into PS as described in chapter 2.
6.4. Results and Discussion

Out of the three sets of PS-TiO2-benzophenone based photosensitizer, those with
equal percentages of TiO:-benzophenone based photosensitizer combination (table
6.2.1, set 2) showed enhanced degradation as evident from various monitoring
techniques used. The composites in which the percentage of TiO> was only 50% of
benzophenone based photosensitizers (table 6.2.1, set 3) showed comparatively lesser
degradation. In the case of TiO»-dye system, entirely different observations were
observed. Enhancement in the photocatalytic activity was observed in nano TiO»-dye
composites as expected. TiO»-dye composites were efficient only at lower dye
percentages for the effective photodegradation of PS. Their efficiency increased upto
5 mole % dyes coupled with TiO> (we have studied the photodegradation of PS using
various TiO-dye combinations having 0.5, 1, 2, 3, 5, 7 and 10 mole % dyes coupled
with nano TiO2). When the percentage of the dyes coupled with nano TiO, exceeded
5%, the photocatalytic efficiency of the composites for PS degradation gets reduced.
The observations and conclusions made from various analytical techniques are

discussed below.
6.4.1. Gel Permeation Chromatography (GPC)

A better decrease in M, and M,, was observed in PS-TiO,-benzophenone based
photosensitizer composites as well as PS-TiO;-dye composites compared to the PS-
benzophenone based photosensitizer and PS-dye composites upon UV irradiation. The

decrease in average molecular weights was predominant in PS-(TiO2-4MOBP)
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composites followed by PS-(Ti02-2CIBP) (Figure 6.9.1). Among the PS-Ti0O;-organic
dye systems, PS-(TiO2-5% MB) showed maximum decrease in the value of M,, and

M,, compared to PS-(Ti0>-5% MG) (Figure 6.9.2).
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Figure 6.9.1. A) Weight average (M,,) and B) number average (M) molecular
weights of PS-TiO>- benzophenone based photosensitizer composites under different
UV irradiation time
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Figure 6.9.2. A) Weight average (M,,) and B) number average (M,,) molecular
weights of PS-TiO>-dye composites under different UV irradiation time
The plot of number of chain scission per molecule (S) and number of scission
events per gram (N;) versus time of UV irradiation of the composites clearly help us
to visualize the variation in chain scission of the composites. It was clear that the

polymer chain cleavage occurred more effectively in the PS-(TiO2-4MOBP) followed
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by PS-(TiO;-2CIBP) among the PS-TiO;-benzophenone based photosensitizer
composites (Figure 6.9.3). The lowest extent of chain scission upon UV irradiation
was found to be in PS-(TiO2-2HO4MOBP) composites. PS-TiO.-MB underwent
better chain scission compared to PS-(TiO>-MG) among the PS-TiO;-dye composites
(Figure 6.9.4).
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Figure 6.9.3. A) Number of chain scissions per molecule (S) and B) number of
scission events per gram (Ny) of PS-TiO>-benzophenone based photosensitizer

composites under different UV irradiation
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Figure 6.9.4. A) Number of chain scissions per molecule (S) and B) number of
scission events per gram (Ny) of PS-TiO>-dye composites under different UV

irradiation
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The polydispersity index (PDI) increased for all the composites with respect to
UV irradiation time. The increase in randomness of chain scission (increase in PDI)
was higher for the composites which underwent maximum chain scission upon UV
irradiation (Figure 6.9.5). Among the PS-TiO;-benzophenone based photosensitizer
composites, we could see that the PDI of PS-(TiO2-4MOBP) and PS-(TiO,-2CIBP)
have highest values at each UV irradiation intervals. Among the dye composites, the
increase in PDI of PS-(TiO2-5%MB) composites were better compared to PS-(TiO»-
5%MQ).

— = PS+3% (TiO, + BP)

144 —® PS¥3% (TiO, + 4MOBP)
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Figure 6.9.5. Polydispersity index (PDI) of PS —TiO:- benzophenone based

photosensitizer and PS-organic dye composite under various UV irradiation times.
6.4.2. FTIR spectroscopy

An appreciable increase in the intensities of absorption bands corresponding to
>C=0, -OH/-O0OH, >C=C< and conjugated double bonds were observed from the
FTIR spectra of PS-TiO>-benzophenone based photosensitizers upon UV irradiation
(Figure 6.10.1). The extent of photo-oxidation of PS-TiO2-photosensitizer composites
was higher compared to PS-benzophenone based photosensitizer as well as PS-TiO:
composites. PS-(TiO2-4MOBP) composite underwent maximum photo-oxidation
among the PS-TiO>-benzophenone based photosensitizers followed by PS-(TiO»-
2CIBP). PS-(TiO2-2HO4MOBP) composite underwent minimum photo-oxidation as

expected.

Page 196



100 100
2 [PS-(Tio,vawoee)
95 95
90
(
85
- \ fe804
- @) onr |\ @ s lf (
(by——200hr " gy [\ (
704 (c) 400 hr /1 70- (
(dy——600 hr \(f), (
65+ (e) 800 hr - 65- (
(fy—— 1000 hr (fy——— 1000 hr ()
60 YL 60 va'a

Chapter 6

T T T 74 T T T T T 7A T T
3900 3600 3300 1900 1800 1700 1600 3900 3600 3300 1900 1800 1700 1600
- -1
Wavenumber (cm™) Wavenumber (cm™)

100
PS~(TiO_+ BP!

95—(
90

85

80 / \
X VARV
< 75 (a) ohr |\ @/\
(b)——200 hr | \ ©
70 (c) 400 hr \ /S
(d)—— 600 hr \/
65 (e) 800 hr ()
(f—— 1000 hr
60

3900 3600 3300 1900 1800 1700 1600
Wavenumber (cm™)

100
(a) PS~(TiO +4NBP!|

100

| II:’S-(Ti02+2H04MOBP)|

95

(f)——— 1000 hr (fy—— 1000 hr
60

3900 3600 3300 1900 18100 1700 1600 3900 3600 3300 1900 1800 1700 1600
Wavenumber (cm) Wavenumber (cm™)

Figure 6.10.1. FTIR spectra of PS-TiO>-benzophenone based photosensitizer
composites at different UV exposure time intervals ranging from 0 h to 1000 h.

We have already seen that for PS-benzophenone based photosensitizer

composites, the increase in intensity of absorption bands corresponding to >C=C<

ob

stretching vibrations (1700-1650 cm™) were more prominent than that of >C=0

stretching bands (1740 -1700 cm™) upon UV irradiation. For PS-TiO2 composites, the

servation was vice versa where the increase in the bands corresponding to >C=0

was better than that of >C=C< stretching. In the case of PS-TiO2-benzophenone based
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photosensitizer composites, the extent of increase in the bands corresponding to
>C=0 as well as >C=C< was equally more appreciable compared to PS-TiO> and PS-
benzophenone based photosensitizer composites. The contribution of nano TiO; and
benzophenone based photosensitizers for the photodegradation of PS was hence clear.
The increase in the extent of photo-oxidation of these composites compared to PS-
Ti0; as well as PS-benzophenone based photosensitizers also suggests synergic effect

of TiOz and benzophenone based photosensitizers.

An amazing observation was revealed from the FTIR spectra of PS-TiO>-dye
composites upon UV irradiation (Figure 6.10.2). The photocatalytic activity of nano
Ti0> coupled with organic dyes (MB and MG) increased to an appreciable extent for
the photo-oxidation of PS. As already discussed, MG and MB alone were not efficient
photocatalysts for the photodegradation of PS. TiO> coupled with these dyes acts as a
good photocatalyst for PS degradation. Also, it was observed that the extent of photo-
oxidation of the PS-TiO;-dye composites were higher than that of PS-TiO:
composites. This reveals the fact that MG and MB enhanced the photocatalytic
activity of nano TiO: for the photodegradation of PS. It was also found that the photo-
oxidation of PS-MB composite was higher than that of PS-MG composite.
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Figure 6.10.2. FTIR spectra of PS-TiO:- benzophenone based photosensitizer
composites at different UV exposure time intervals ranging from 0 h to 1000 h.

6.4.3. UV-visible diffused reflectance spectroscopy (UV-DRS)

Nano TiO»x-photosensitizer incorporated into PS matrix resulted in an appreciable
decrease in the absorption bands observed in the UV region of the composites as

observed in UV-DRS (Figure 6.11.1). The decrease in absorption bands suggests

Page 198



Chapter 6

photodegradation of PS-TiO;-benzophenone based photosensitizer composites were

higher than that of PS-benzophenone based photosensitizer and PS-TiO> composites

discussed earlier.

PS-TiO,-4MOBP followed by PS-TiO2-2CIBP composites

underwent maximum decrease in the absorption bands upon UV irradiation.

Minimum decrease in the absorption bands upon UV irradiation was observed for PS-

T102-2HO4MOBP.
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Figure 6.11.1. UV-DRS of PS-TiO:-benzophenone based photosensitizer composites

with UV irradiation time intervals
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UV-DRS of PS-TiO>-MB (Figure 6.11.2) composite looked different from that of
PS-MB. The multiple bands observed in the UV region of the spectra for PS-MB was
reconstructed into a single band resembling the UV region of the spectra of PS-TiOx.
Multiple bands observed in the visible region of PS-MB were also reconstructed
entirely into a long tale like band in PS-TiO,-MB composite extending to the far-red
region. The interaction of nano TiO, with MB might have resulted in this peak tailing.
The UV region of the UV-DRS of PS-TiO>-MG on the other hand was similar to that
of PS-MG composite (Figure 6.11.2). The visible region of PS-TiO-MG is
reconstructed into a single broad band compared to the multiple peaks of PS-MG
composites discussed above. The changes observed in the visible region of the spectra

might have been an outcome of the interaction between nano TiO; and MG.

The increase in degradation efficiency of PS-TiO2-BP, PS-TiO,-4MOBP, PS-
Ti02-2HO4MOBP, PS-Ti02-2CIBP and PS-TiO2-4NBP with respect to pristine PS
were 9.87, 13.41, 3.53, 14.53 and 8.25 respectively.

20
@ | PS*3% (Ti0,+5% MB)| PS+3% (TiO,+5% MG)
(a) 0 hr
(b) 200 hr
(¢) 400 hr
g (dy—— 600 hr g \
= e 800 hr S 1.2
g Ef)—) 1000 hr g | UAY
o o \
g g |
< < 1.01 Il'|(o)y—— 200 hr
g ! |(c) 400 hr
- %Jr\ 05, " |(dy—— 600 hr
0.6- = - : V' i)  800hr
o S (d)(e)® (fy——— 1000 hr
" 30 400 500 600 700 300 400 500 600 700

Wavelength(nm) Wavelength(nm)

Figure 6.11.2. UV-DRS of PS-TiO:-dye composites at regular UV irradiation time

intervals

A considerable decrease in the absorption bands were observed in PS-TiO>-MB as
well as PS-TiO>-MG composites upon UV irradiation. Slight bathochromic shift was
also noticed for the bands in the UV region of the composites upon UV irradiation.
The decrease in the absorption bands in the visible region supports photodegradation
of PS as well as the organic dye. It could however be seen that the degradation of dye
in the PS-TiO;-dye composites was not as severe as that observed in PS-dye

composites. The decrease in the absorption band intensities upon UV irradiation
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observed in PS-TiO»-dyes was higher compared to that of PS-dye as well as PS-TiO»
composites. This observation highlights the fact that the organic dyes (MG and MB)
act as a good photosensitizer by increasing the photocatalytic activity of nano TiO:
for the photodegradation of PS under UV radiation. It was also noticed that the
decrease in band intensities were higher for PS-TiO>-MB composites compared to
that of PS-Ti0,-MG composites. The increase in degradation efficiency of PS-(TiO»-
5%MB), PS-(TiO2-5%MG) with respect to pristine PS were 5.13 and 5.25

respectively.

6.4.4. Mechanical properties
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Figure 6.12. Flexural (A) and tensile (B) strengths of PS-TiOz-benzophenone based

photosensitizer and PS- TiOz>-organic dye composites exposed to UV radiation for 0,

400 and 1000 h

The mechanical properties of PS+3%(Ti0,+4MOBP) which exhibited maximum
photodegradation and PS+3%(TiO,+2H4MOBP) which exhibited minimum
photodegradation among the PS-TiO2-benzophenone based photosensitizer
composites were studied after UV irradiation of 0, 400 and 1000 hours (Figure 6.12).
The mechanical properties of PS+3%(TiO2 + 5%MB) and PS+3%(TiO2+ 5%MQG)
upon UV irradiation were also studied. The tensile and flexural strengths of all the
composites decreased as the time of UV irradiation increased. PS+3%
(Ti02+4MOBP) exhibited better degradation compared to PS+3%(Ti10,+2H4MOBP)

as expected among the PS-TiO»-benzophenone based photosensitizer composites.
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Even though PS+3%(TiO2+5%MB) underwent better photodegradation compared to
PS+3%(Ti02+5%MG), the decrease in mechanical properties were significant in
PS+3%(TiO2+ 5%MG). This anomaly might have aroused as a consequence of poor

dispersion of MG compared to that of MB in the PS-TiO2-dye composites.
6.4.5. Electrical properties

The BDV of PS-3%(TiO2+4MOBP), PS-3%(TiO>+2CIBP) and PS-
3%(Ti02+5%MB) composites at varying UV irradiation time intervals (0, 400 &
1000 hours) were measured (Figure 6.13.1). All these composites underwent an
appreciable decrease in the value of BDV as the time of UV irradiation increased. The
decrease in BDV observed in PS-3%(TiO,+2CIBP) was slightly greater than that of
PS- 3%(TiO2+4MOBP) after UV irradiation.
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Figure 6.13.1. Dielectric breakdown (breakdown voltage) of PS-TiO>-4MOBP, PS-
TiO>-2CIBP and PS-TiO>-MB composites at varying UV irradiation time

Dielectric permittivity (&) of PS-3%(TiO2+4MOBP), PS-3%(TiO>+2CIBP)
(Figure 6.13.2), PS-3%(TiO2+5% MB) and PS-3%(TiO+5% MGQG) (Figure 6.13.3)
were measured at UV irradiation intervals of 0, 400 and 1000 hours. The & of all the
composites under study increased upon UV irradiation time. It is observed from the
figure 6.13.2 that PS- 3%(TiO2+2CIBP) underwent better increase in the values of &
on UV irradiation compared to PS-3%(TiO>+4MOBP). Similarly PS-3%(TiO2+5%
MB) showed better increase in & compared to PS-3%(TiO2+5% MG) upon UV
irradiation (Figure 6.13.3).
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Figure 6.13.2. Dielectric permitivity of PS-3% 4MOBP and PS-3% 2CIBP
composites at UV irradiation intervals of 0, 400 and 1000 h
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Figure 6.13.3. Dielectric permittivity of PS-3% MB and PS-3% MG composites at UV
irradiation intervals of 0, 400 and 1000 h

6.4.6. Thermogravimetric Analysis (TGA)

The thermogram of PS-3%(TiO.+4MOBP) (Figure 6.14 A) and PS-3%
(Ti02+5%MB) (Figure 6.14 B) obtained from TGA of the composites in nitrogen
atmosphere gave two stages of weight loss curves representing the water desorption
and decomposition of the composites respectively. Shift in decomposition temperature
were observed in the composites upon UV irradiation. The decomposition
temperature range of PS-3%(Ti10,+4MOBP) shifted from 293-423°C to 273-410°C on
UV irradiation of 1000 hours. Similarly, a shift in decomposition temperature range
for PS-3%(TiO2+5%MB) was observed from 300-433°C to 287-424°C on UV

irradiation of 1000 hours. Beyond the termination point of steep decomposition curve
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of PS-3%(TiO+4MOBP) at 423°C (wt %=10) and PS-3%(TiO,+5%MB) at 433°C

(wt %=12.13), a slow decrease in weight percentage was observed. This represents

the presence of inorganic residues that were quite thermally stable at these

temperatures. UV irradiation of 1000 hours resulted to the decrease in the termination

point of steep decomposition curves of the composites to lower temperature.
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Figure 6.14. TGA thermogram of PS-3% (TiO2+4MOBP) (A) and PS-3%
(TiO2+5%MB) (B) composites before and after UV irradiation of 1000 h

6.4.7. Weight loss
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Figure 6.15. Comparison of weight loss percentages of PS-3% (TiO>+benzophenone

based photosensitizer) (A) and PS-3% (TiO:+dye) (B) composites at regular intervals
of UV irradiation
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Significant weight loss was observed for PS-(TiOx+benzophenone based
photosensitizer) (Figure 6.15 A) and PS-(TiO>+dye photosensitizer) (Figure 6.15 B)
composites at regular intervals of UV irradiation. The order of weight loss percentage
was PS-3%(TiO>+4MOBP) > PS-3%(TiO2+2CIBP) > PS-3%(TiO»+BP) > PS-
3%(Ti102+4NBP) > PS-3%(TiO.+2HO4MOBP). The weight loss percentage of PS-
organic dye was found to be in the following order:- PS-3%(TiO.+MB)> PS-
3%(TiO2+MQG).

6.4.8. Scanning Electron Microscopy (SEM)

20kV X500 50pm 12 52 SEI 12 52 SEI

Figure 6.16. SEM image of PS-3%(TiO2+4MOBP) composite before (a) and after (b)
UV irradiation of 1000 hours. ‘b;” and ‘b>’ represents a portion of image ‘b’ in high

resolution

The SEM image of PS-3%(TiO,+4MOBP) showed an increase in surface
roughness after 1000 hours of UV exposure. Figure 6.16 a represents the polymer
composite sheet before UV irradiation. After UV irradiation of 1000 hours (Figure
6.16 b) the polymer surface seemed to have increased roughness due to deterioration.

Focused images of UV exposed sample (Figure 6.16 b; and by) revealed the
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possibility that the surface of the polymer sheet might have degraded thereby

exposing the catalysts over the surface.
6.5. Mechanism of photosensitized PS degradation

Based on the observations and discussions done so far, we could conclude that
benzophenone derivatives act as a photosensitizer for the effective degradation of PS,
harvesting UV radiation. The degradation efficiency of PS loaded with these
compounds were however not as effective as nano TiO.. When nano TiO» was
coupled with benzophenone derivatives, their efficiency for the degradation of PS
under UV light increased upto an appreciable level. The dyes, MB and MG on the
other hand, had no appreciable photosensitizing efficiency by themselves, for PS
degradation. They however acted as good photosensitizer when coupled with nano
Ti0,. Both the benzophenone derivatives and organic dyes, MB and MG enhanced
the photocatalytic activity of TiO».

An important observation made from the FTIR spectra of PS-benzophenone
derivatives was the increased double bond formation upon UV irradiation. The

possible mechanism for this is as depicted below.

e The m-bond belonging to the >C=0O group in benzophenone may undergo
homolytic cleavage in the presence of UV radiation to form singlet state
diradicaloid. The diradicaloid is converted from singlet state to triplet state

through inter system crossing (ISC) as given below.

1 — % 3 — %k
hv ISC
o o —Qe o—Qe
Benzophenone Diradicaloid Diradicaloid
(Singlet state) (Triplet state)

e The sigma bonds between C-C and/or C-H of PS may also undergo homolytic
cleavage in the presence of UV radiation as given below to form macromolecular

radicals.
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H A
* * hv * .4 *
EEE—
Ph  Ph Ph Ph Ph Ph Ph Ph
Polystyrene Polystyrene macromolecular
radicals

¢ Interaction between diradicaloid of benzophenone and PS radical takes place. The
benzophenone diradicaloid abstracts hydrogen radical (He) generated from PS to
form ketyl radical. The ketyl radical can further abstract another He from the
adjacent carbon resulting in the formation of alkenic carbon—carbon double bond

in the PS chain (as evident from FTIR of UV irradiated PS).

H
*, . *
o
O O N W
Diradicaloid (Triplet state) Polystyrene macromolecular
radicals

Ketyl radical

OH

F YY)
Ph Ph Ph Ph

Diphenylmethanol Polystyrene with alkenic double bond

It should also be noted that the polystyrene macromolecular radicals may also
react with oxygen or water from the atmosphere leading to -OH, -OOH as well as
>C=0 radicals in the PS chain (as evident from FTIR). The mechanism has been

described in detail in chapter 3.
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The above proposed mechanism depends mainly upon two aspects. Primarily the
diradicaloid formed out of benzophenone should be stable without recombination and
secondly the presence of PS macromolecular radicals should be in the vicinity of
benzophenone diradicaloid for effective interaction. SEM image clearly revealed
uniform dispersion of the composites where interaction among the PS and catalysts
are possible. The diradicaloid are stable upto an extent as they are in conjugation with

the two adjacent phenyl rings.

Observations made from the results of various analyses proved that the presence
of various substituted groups on the phenyl rings of benzophenone influenced its
photosensitizing activity. Loading PS with 4MOBP and 2CIBP resulted in a slight
increase in the rate of photodegradation compared to BP, 4NBP and 2HO4MOBP.The
exact reason for this observation has to be studied in detail. The decrease in the
photocatalytical activity of 2HO4MOBP, however could be explained on the basis of
photoenolization due to intra molecular hydrogen bond formation as depicted below.

H H
o o o~

| hv

T
O ‘ Photoenolization O AN O
OCHg3; OCHg3

2-hydroxy-4-methoxybenzophenone

2HO4MOBP undergoes tautomerisation in the presence of UV light termed as
photoenolization. The hydrogen bond existing between —OH and >C=0O groups
present in 2HO4MOBP also favours photoenolization. Due to the co-existence of
hybrid structures as depicted in the above diagram of 2HO4MOBP as a result of
photoenolization, the chance for the formation of diradicaloid is almost hindered. This
results in the inefficiency of 2HO4MOBP to act as a photosensitizer for the

photodegradation of PS?728,

6.6. Conclusion

Photodegradation of PS in the presence of benzophenone derivatives and
triphenylmethane dyes as photosensitizers was studied. The combination of these dyes

with nano TiO: for the photodegradation of TiO2 was also investigated. All the PS-
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benzophenone based photosensitizer composites showed accelerated degradation
compared to pristine PS under UV irradiation. However the extent of degradation was
not up to PS-TiO,. Among the PS-benzophenone based photosensitizer composites,
photodegradation followed the order: PS-4MOBP, PS-2CIBP, PS-BP, PS-NBP, PS-
2H4MOBP. The decrease in the efficiency of 2H4MOBP for the photodegradation of
PS could be explained due to photoenolization. The extent of photodegradation of PS-
dye composites were not much appreciable. The combination of benzophenone based
photosensitizer and dyes with nano TiO» showed an appreciable increase in the
photodegradation efficiency even compared to PS-TiO, composites. Highest
photocatalytic efficiency for the degradation of PS among TiO;-benzophenone based
photosensitizer composites was exhibited by TiO2-4MOBP followed by TiO»-2CIBP
composite. PS-(Ti0,-MB) exhibited better photodegradation compared to PS-(TiO»-
MG) among the PS-TiO>-dye composites. It can be concluded that the combination of
benzophenone based photosensitizers or triphenylmethane dyes with TiO; serves as

an efficient photocatalyst for the degradation of PS under UV irradiation.
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Chapter 7
Enhanced Photocatalytic Activity of Metal
Doped TiO; for the UV degradation of
Polystyrene

Abstract

UV degradation of PS was studied in the presence of metal doped TiO». Silver, iron
and copper doped TiO, were prepared by sol-gel route in which the corresponding
metal salts were added to the developing TiO; particles at pH 4. Metal doped TiO>
with 3, 10 and 30 percentage of metals were prepared. XRD analysis revealed that as
the percentage of metal doping increased, phase change occurred from anatase to
rutile, easily at lower calcination temperature of 400°C. The photocatalytic activity of
Ti0; increased considerably upon metal doping, for the UV degradation of PS. Lower
percentage metal doped TiO> acted as better photocatalyst compared to higher percent
metal doped TiO.. Ag doped TiO» showed enhanced photocatalytic efficiency
compared to Fe or Cu doped TiO;.
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7.1. Introduction

The fate of photogenerated charges entirely determines the photocatalytic activity
of TiO, which further depends upon its surface property. One of the methods
employed for controlling the surface property of TiO» intrinsically is doping. Surface
separation results as a consequence of doping where spatial trapping of
photogenerated charge carriers take place. These spatially trapped charges are
transferred to the associated substrates for redox reactions'. Metal doping has an
advantage of introducing sub bands which are closer to the conduction band (CB) of
TiO»>*. This is attained through the overlap of 3d orbital of titanium with suitable
orbital of metals (d-orbitals in transition metals and f-orbitals in rare earth metals)’.
An outcome of this interaction is the decrease in bandgap energies®®. TiO, doped
with noble metals including Pt’, Pd'°, Ru!!, Rh!'!, Ag!'?, Au'3 etc have been reported to
increase the photocatalytic efficiency by hindering the recombination of
photogenerated electrons in conduction band (CB) and holes in valence band (VB).
Schottky barrier that results at the interface of TiO, and metal explains the obstruction
of these photogenerated charge recombination. Electrons from the CB of TiO; are
captured by the noble metals which are stored and further transferred into another
accepter associated with it initiating photochemical reaction. TiO> doped with other
transition metals including Fe!*'6, Cu!’, Cr'4, Mn'*18, Co!¥, Ni'*1?, V20 Zn?! etc.,
also have been reported with superior photocatalytic activity. Charge transfer between
CB or VB of TiO; and the d-orbitals of the transition metals changed the electronic

structure causing a red shift in the absorption from UV to visible region.

In this chapter, photodegradation of PS is studied using TiO, doped with Ag, Cu
and Fe transition metals. TiO» doped with Ag, Cu and Fe as photocatalysts have
already been used in various applications and satisfying results were obtained. Fe
doped TiO> has been used as photocatalyst in the degradation of organic dyes like

methyl orange?>?*, reactive blue 4*%, azo fuchsine®>, XRG?®, phenol?’

etc. Cu doped
TiO, was reported to catalyse the degradation of methyl orange®®, nitrates® etc. The
application of thin film of Cu doped TiO2 which is super hydrophilic has been

reported to exhibit anti-fogging property under sun light*

. The antimicrobial activity
of Cu doped TiO2 photocatalyst has also been reported®'. The degradation of dyes

including azo dye*, direct red 2333, basic violet®* etc has been reported using Ag
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doped TiO, as photocatalyst. The degradation of chloroform and urea using Ag doped

TiOs catalyst exhibited superior activity compared to pure TiO2*.

Section:I

Synthesis and characterisation of metal doped TiO:

7.2. Experimental
7.2.1. Synthesis of Ag Doped TiO2

Ag doped Ti0O; was prepared using sol-gel technique. Titanium (IV) isopropoxide
(TTIP) was used as precursor of TiO; and silver nitrate (AgNO3) for Ag. In order to
prepare TiO2 with 3 mole percentage of Ag, 2.463 g of TTIP (2.57 ml) was added to
14 ml ethanol and stirred at 4°C using a magnetic stirrer (solution I) for one hour.
Meanwhile 0.054 g of AgNOs; was dissolved in 4ml distilled water (solution II).
Solution II was then added dropwise into solution I while stirring. The pH of the
system was adjusted to 4 using drops of nitric acid. The system was stirred for three
more hours. The colloidal solution hence obtained was filtered and washed using
ethanol followed by distilled water. The resulting gel was dried at 120°C for 6 hours.

The grey powder hence obtained was calcinated at 400°C for 5 hours?®.

In a similar way, TiO> doped with 10 and 30 mole percentages of Ag were also
prepared. The composites were named as TiO2-3% Ag, TiO2-10% Ag and Ti02-30%
Ag depending on the mole percentage of Ag versus TiO; in the composites. Table

7.1.1 below represents the details of prepared Ag doped TiO2 composites.

Table 7.1.1. TiO>-Ag composites

Composite TiO; Ag Weight of  Weight of
Mole % Mole %  AgNOs3 (g) TTIP (g)
TiOx+3% Ag 97 3 0.0537 2.4630
TiO,+10% Ag 90 10 0.1794 2.8206
Ti0,+30% Ag 70 30 0.5381 2.4619
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7.2.2. Synthesis of Fe Doped TiO:

Fe doped TiO; was prepared via sol-gel route. TTIP served as the precursor for
TiO2 and Iron (II) nitrate nonahydrate (Fe(NO3)3.9H20) for Fe in the composite. For
the preparation of 3 mole percent Fe doped TiO», 2.872 g TTIP (2.99 ml) was
dissolved in 14 ml ethanol and stirred at 4°C using a magnetic stirrer (solution I).
Solution II consisting of 0.128 g Fe(NO3)3.9H-0 dissolved in 4 ml distilled water was
added dropwise into solution I. pH of the solution was adjusted to 4 using nitric acid
followed by three hours of stirring. The resulting product was filtered and washed
using ethanol followed by water. The gel obtained was dried at 120°C for 6 hours.

The reddish brown powder hence obtained was calcinated at 400°C for 5 hours®>*’.

10 and 30 mole percentages of Fe doped TiO, were also prepared in a similar
manner to obtain TiO2-10% Fe and T102-30% Fe. The details of the prepared TiO»-Fe

composites are as tabulated below (Table 7.1.2).

Table 7.1.2. TiO>-Fe composites

Composite TiO; Fe Weight of Weight of
Mole % Mole %  Fe(NO3):.9H;O0  TTIP (g)
®
TiO>+3% Fe 97 3 0.128 2.872
TiO>+10% Fe 90 10 0.427 2.573
TiO,+30% Fe 70 30 1.280 1.720

7.2.3. Synthesis of Cu Doped TiO2

Preparation of Cu doped TiO; was also done via sol-gel method as discussed
above. Copper sulphate pentahydrate (CuSO4.5H>O) was used as the precursor for Cu
in TiO2-Cu composites. In order to prepare 3 mole percentage Cu doped TiO> (namely
Ti02-3%Cu), 2.949 g TTIP (3.066 ml) was dissolved in 14 ml ethanol and stirred at
4°C using a magnetic stirrer (solution I). 0.051g CuSO4.5H>O dissolved in 4ml
distilled water (solution II) was added to solution I, dropwise. The system was
adjusted to pH 4 using nitric acid and stirred for three hours. The resulting product
was filtered, washed and dried at 120°C for 6 hours. The pale blue solid powder was
calcinated at 400 °C for 5 hours®.
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TiO2 doped with 10 mole percentage and 30 mole percentage of Cu were also

prepared (named as TiO2-10% Cu and TiO2-30% Cu). The details of the prepared

Ti0,-Cu composites are as tabulated below (Table 7.1.3).

Table 7.1.3. TiO:-Cu composites

Composite TiO; Cu Weight of Weight of
Mole % Mole % CuS0.5H,0 TTIP (g)
®
TiO2+3% Cu 97 3 0.051 2.949
TiO2+10% Cu 90 10 0.169 2.831
Ti02+30% Cu 70 30 0.506 2.494

The prepared TiO2-Cu, TiO2-Ag and TiO>-Fe composites were characterized

using various techniques and results are discussed below.
7.3. Results and discussion

7.3.1. Powder XRD
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Figure 7.1.1. XRD pattern of TiO> —Cu composites
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Higher percentage of metal doping in TiO; favoured its phase change from
anatase to rutile at a calcination temperature of 400°C for 5 hours. The XRD pattern
of metal doped Ti0O2-3% Cu composite exhibited the peaks corresponding to anatase
and rutile phases (Figure 7.1.1). The peaks observed at 26= 25.3° (101), 37.8° (004)
and 48.05° (200) attributes to anatase phase and peaks at 26= 27.45° (110), 36.09°
(101), 41.22° (111), 54.3 (211), 56.62 (220), 62.74 (002), 69.0 (301) and 69.79° (112)
attributes to the rutile phase of TiO; existing in the composite. In addition to these, a
new peak at 20= 44.05° corresponding to Cu (111) plane was also observed. On
comparing the results with the XRD pattern of pristine TiO> (Figure 7.1.1 a), it is
evident that the intensity of the peaks corresponding to the anatase phase decreased
with an increase in the peak intensities of rutile phase. Some of the peaks
corresponding to anatase phase were absent. On further increasing the metal doping
percentage (TiO2-10% Cu), the peak intensities corresponding to anatase phase

decreased further. In Ti02-30% Cu composite, TiO2 existed almost in rutile phase.

Percentage of anatase and rutile phases of TiO; existing in the composites were

determined by Spurr equations (equation 7.1 and 7.2).

Percentage of anatase phase, A% = 100 (7.1)
s P {1+ 1.265 ()}
A

Percentage of rutile phase, R% = 1 / (7.2)

I
(1+0.8 (;)}
Where 14 represents the intensity of anatase (101) peak and Ir represents the rutile

(110) peak. Table 7.2.1 represents the percentage of anatase and rutile phases of TiO>-

Cu composites.

Table 7.2.1. Percentage of anatase and rutile phases in TiOz-Cu composites

A% (101)  R%(110)

Ti0; 91.8 8.2
TiOx+3% Cu 11.6 88.4
TiO>+10% Cu 06.9 93.1
TiO>+30% Cu 0 100

It should be noted that the values of A% and R% may not be accurate as the
calculations were done considering only the anatase (101) and rutile (110) peaks

observed in the XRD patterns.
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Table 7.2.1 above clearly establishes the fact that the calcination temperature
required for the phase transition from anatase to rutile phase of TiO> decreased upon
Cu incorporation. Pristine TiO> which existed in ~91.8% anatase and ~8.2% rutile
phase after calcination at 400° C for 5 hours have almost been converted into ~100%

rutile form at the same calcination temperature upon 30% Cu incorporation.

Crystallite size of TiO2-Cu composites calculated from the most prominent peak
of the diffractogram was larger compared to that of pristine TiO; as determined
through Debye Scherrer’s equation (Table 7.2.2). The crystallite size increases as the

percentage of Cu doping increases in the composites.

Table 7.2.2. Tabulated values of crystallite size of TiO>-Cu composites

Crystallite size
(nm)
TiO; 18.9
TiO:+3% Cu 47.0
TiO:+10% Cu 50.7
Ti0:+30% Cu 56.2

The observations made from the XRD pattern of TiO;-Ag composites (Figure
7.1.2) were much similar to that of TiO2-Cu composites. The increase in the
percentage of Ag doping in TiO: leads to a gradual phase change from anatase to
rutile at the calcination temperature of 400°C for 5 hours. In addition to the diffraction
patterns corresponding to the predominant rutile and trace anatase phase, diffraction
patterns were also observed at 26=38.3° and 44.4° which could be attributed to (111)
and (200) planes of Ag. These peak intensities increased as the percentage of Ag
doping in the composites increased. The percentage of anatase (A %) and rutile (R %)
in the composites calculated using Spurr equations (equations 7.1 & 7.2) are tabulated
in Table 7.2.3. The crystallite size of the composites was found to be larger than that
of pristine TiO2 as determined through Debye Scherrer’s equation. An increase in the
crystallite size among the composites was observed as the percentage of Ag doping

increased (Table 7.2.4).
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Figure 7.1.2. XRD pattern of TiO> —Ag composites

Table 7.2.3. Percentage of anatase and rutile phases in TiO>-Ag composites
A% (101)  R%(110)

TiO; 91.8 8.2
TiO2+3% Ag 29.3 70.7
TiO2+10% Ag 15.6 84.4
TiO2+30% Ag 0 100

Table 7.2.4. Values of crystallite size of TiO>-Ag composites

Crystallite size

(nm)
TiO; 18.9
Ti0:+3% Ag 46.6
TiOx+10% Ag 51.1
TiO2+30% Ag 62.7
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Figure 7.1.3. XRD pattern of TiO> —Fe composites

The diffraction patterns of the TiO»-Fe composites (Figure 7.1.3) exhibited a
slight variation from that of TiO2-Cu and TiO>-Ag composites. TiO2-3% Fe exhibited
similar diffraction patterns as observed in pristine TiO,. Anatase phase is
predominated over rutile phase here. Peaks corresponding to Fe were not observed.
As the percentage of Fe is increased in the composites (ie, Ti02-10% Fe & Ti02-30%
Fe) the phase change from anatase to rutile is observed. In addition to this, the peak
corresponding to Fé (111) at 20=44.45° is also observed. The percentage of anatase
(A%) and rutile (R %) calculated using Spurr equations are tabulated in table 7.2.5.
The crystallite size of the TiO,-Fe composites were larger compared to that of pristine
TiOz. Increased percentage of Fe doping further increases the crystallite size of the

particles among the TiO2-Fe composites which is tabulated below (Table 7.2.6).
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Table 7.2.5. Percentage of anatase and rutile phases in TiO>-Fe composites

A% (101)  R%(110)

TiO; 91.8 8.2
TiO:+3% Fe 79.2 20.8
TiO>+10% Fe 9.3 90.7
Ti0:+30% Fe 6.7 93.3

Table 7.2.6. Values of crystallite size of TiO>-Fe composites

Crystallite size
(nm)
TiO; 18.9
TiO:+3% Fe 21.2
TiO>+10% Fe 27.6
Ti0:+30% Fe 29.8

As discussed earlier, TiO2-3% Fe composite existed predominantly in the anatase
phase (~79.2% anatase and ~20.8% rutile) and the peak corresponding to Fe was
absent. TiO2-3% Cu and Ti0O:-3% Ag composites, on the other hand, existed
predominantly in the rutile phase. The peaks corresponding to Cti (111) and Ag (111)
were present in the XRD pattern of their respective composites. This observation
reveals the fact that more Fe** ions originating from Fe(NO3)3.9H>O precursor might
have replaced the Ti*" ions from the crystal frame work of anatase TiO> more actively
compared to that of Ag" or Cu®*' ions originating from AgNOs; or CuSO4.5H0
precursors respectively. In such cases where Fe’" ion replaces the Ti*" ion from the
anatase TiO> lattice, the phase remains unaltered and the diffraction patterns
corresponding to Fe’" may not be observed. Radius of Ti*" ion (~0.64 &) being almost
similar to that of Fe*" ion (~O.64g), the latter can easily replace Ti*" ions from its
crystal lattice. As the percentage of Fe doping is increased from 10% to 30%, phase
change of TiO2 from anatase to rutile was enhanced without elevating the calcination
temperature (400°C). The peak corresponding to Fé (111) was also observed. The
observed peak for Fe could arise due to the reduction of agglomerated Fe** ions on

the surface of TiO, %,
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7.3.2. FESEM-EDX analysis

Element Mass%  Atom%
Q 47.36 73.08
Ti 50,92 23.26
Cu 1.72 0.67

A, |

BT = By Signal & = InLam st 24 Jun 2020 = 10 12 14 15 18 20
WO= T2mm Mag = 150008 X Time 122832 Energy [keV]

Element Mass%  Atom%
Q 48,12 73.76
Ti 47.32 24.24

4.56 2.00

B, |

10
Energy [keV]

Element Mass%  Atom%

70.36

Figure 7.2. FESEM image and EDX spectra of TiO> —3% Cu (A & Aj), TiO>—-3% Fe
(B & Bi) and TiO>—-3% Ag (C & C1) composites.

FESEM image of TiO2-3% Cu (Figure 7.2 A) revealed its sphere like particle
morphology with average particle diameter ~125 nm. EDX pattern of the composite
(Figure 7.2 A1) showed the presence of titanium at 4.51 (Kal), 4.93 (KB1) and 0.45
(Lal) keV and oxygen at 0.53 (Kal) keV. The presence of copper was observed at
0.93 (Lal), 0.95 (LBI), 8.03 (Kal), 8.05 (Ka2), 8.91 (KB1) and 8.98 (KB2) keV. The
absence of other elements confirmed the purity of the composite. Ti02-3% Fe
composite too existed as sphere like particles with an average particle diameter of 85

nm (Figure 7.2 B). EDX pattern of TiO2-3% Fe (Figure 7.2 B1) showed the presence
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of iron at 0.71 (Lal), 0.72 (LPB1), 6.4 (Kal and Ka2 overlap) and 7.16 (KB1) keV in
addition to titanium and oxygen with no other impurities. TiO2-3% Ag composite
existed as spherical particles with particle diameter ~50 nm as evident from its
FESEM (Figure 7.2 C). EDX spectra of Ti02-3% Ag composite indicates the presence
of Ag at around 3 keV (Lal, LBl and LB2 overlap) along with titanium and oxygen

without the presence of other elements (Figure 7.2 C).
7.3.3. FTIR spectroscopy

FTIR spectra of all the composites looked alike irrespective of the metal doping
percentage or the type of metal used. It could be seen that the bands between 950 and
500 cm! corresponding to Ti-O/ Ti-O-Ti vibrations shifted towards lower wave
number in all the metal doped TiO> composites compared to pristine TiO>. Bands
between 3600 and 3000 cm™ corresponding to -OH stretching as well as bands at

around 1680 cm™! attributing H-O-H bending vibrations could also be observed from

the FTIR spectra of the composites.

[ (a
)

\_/

(@) TiO,+30% Cu

(b)  TiO,+30% Fe

(c) Ti02+30% Ag

(dy— TiO,

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 7.3. FTIR image of TiO> —-30% Cu (a), TiO> —30% Fe (b) and TiO>—-30% Ag

Transmittance (a.u)

(c) composites.
7.3.4. UV-visible diffused reflectance spectroscopy (UV-DRS)

Absorption spectra of TiO>-Cu (Figure 7.4.1 A), TiO»-Fe (Figure 7.4.2 A) and
TiO2-Ag (Figure 7.4.3 A) composites exhibited their absorption maxima in the UV

region. Increased percentage of metal doping lead to an increase in the intensity of
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absorption bands observed in the visible region. Optical bandgap energies (Eg) of the

composites were determined by the application of Kubelka-Munk functions in Tauc

plot.
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Figure 7.4.1. Absorption spectra (4), F(R) versus hv (B), (F(R)hv)"? versus hv (C)
and (F(R)hv)? versus hv (D) of TiO>-Cu composites.

Figure 7.4.1 B, C & D represents the E; irrespective of transitions, indirect E; and

direct E; of TiO2-Cu composites respectively. Increase in the percentage of Cu doping

lowered the Eg of the composites as represented in table 7.3.1.

Table 7.3.1. Optical bandgap energies (Egs) of TiO>—Cu composites

Optical Bandgap energy in eV

Method Transition Type — TiO.- TiO.- TiO.-
3% Cu 10% Cu 30% Cu
I tive of
F(R) vs hv [TEspeetive © 316 297 2.85 278
transitions
(F(R)hv)? vs hv Direct allowed 3.22 3.01 2.91 2.81
(F(R)hv)?vs hv  Indirect allowed 3.18 3.04 3.00 2.92
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Figure 7.4.2. Absorption spectra (4), F(R) versus hv (B), (F(R)hv)"? versus hv (C)
and (F(R)hv)’ versus hv (D) of TiOs-Fe composites.

The plots of E; irrespective of transitions (Figure 7.4.2 B), indirect E; (Figure
7.4.2 C) and direct E; (Figure 7.4.2 D) of TiO>-Fe composites showed a decrease in
the values of E; as the percentage of Fe doping increased. The values of Eg

determined using the three methods are as tabulated in Table 7.3.2.

Table 7.3.2. Optical bandgap energies (Egs) of TiO>—Fe composites

Optical bandgap energy in eV

Method Transition Type — TiO.- TiO,- TiO,-
3% Fe 10% Fe 30% Fe

F(R) vs hv Irespective of 5 0 67 232 2.14
transitions

(F(R)hv)? vs hv Direct allowed 3.22 2.83 2.39 2.26

(F(R)hv)?vs hv  Indirect allowed 3.18 2.69 2.36 2.20
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Figure 7.4.3. Absorption spectra (4), F(R) versus hv (B), (F(R)hv)"? versus hv (C)
and (F(R)hv)’ versus hv (D) of TiO>-Ag composites.

The Eg values of TiO2-Ag composites also decreased as the percentage of Ag

doped increases as evident from the plots (Figure 7.4.3 B, C & D) and Table 7.3.3

Table 7.3.3. Optical bandgap energies (Egs) of TiO>—Ag composites

Optical bandgap energy in eV
Method Transition Type TiOx- TiO,- TiO,-

TiO;
3% Az 10% Ag  30% Ag
F(R) vs hv Irespective of 5 05 g9 2.96 2.80
transitions
(F(R)hv)? vs hvo Direct allowed 3.22 2.99 2.97 2.81
(F(R)hv)?vs hv  Indirect allowed 3.18 3.01 2.99 2.89
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Section: 11

Photodegradation of PS using metal doped TiO:

7.4. Method

The synthesised, various metal doped TiO> were loaded into the PS matrix as
discussed in chapter 2, and photodegradation of the resulting composites were
studied. PS-TiOz-metal composite specimens were also prepared for mechanical and
electrical measurements. Photodegradation was monitored using various techniques

and the obtained results are presented below.

7.5. Results and Discussion

Various monitoring techniques adopted in our study proved that PS-TiO,-metal
composites underwent better photodegradation in the presence of UV radiation
compared to PS-TiO, composites. It was however noticed that increase in the
percentage of metal doping in the composites could not increase the extent of
photodegradation under UV light. Based on the results obtained, TiO, doped with 3
percentages of metals could be considered as better photocatalysts for the degradation

of PS under UV radiation.
7.5.1. Gel permeation chromatography (GPC)

A decrease in the average molecular weights (M,, and M,)) upon UV irradiation
was observed in PS loaded with metal doped TiO> composites containing 3, 10 and
30% of metal compared to pristine TiO,. PS-TiO>-metal composites underwent better
decrease in the average molecular weights in the presence of UV radiation compared
to PS-TiO2 composites. The extent of decrease in My, and M,, of PS-TiO»-Ag, PS-
TiOz-Fe and PS-TiO2-Cu composites were almost similar. PS-TiO2-Ag however
underwent better decrease in M,, and M, compared to PS-TiO,-Fe and PS-TiO,-Cu
(Figure 7.5.1).
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Figure 7.5.1. A) Weight average (M,,) and B) number average (M,,) molecular

weights of PS-TiO>-metal composites under different UV irradiation time
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Figure 7.5.2. A) Number of chain scissions per molecule (S) and B) number of
scission events per gram (Ny) of PS-TiO>-metal composites under different UV

irradiation time intervals

Number of chain scission per molecule (S) and number of scission events per
gram (Ny) of the composites increased with UV irradiation time. From figure 7.5.2, it
could be seen that the extent of chain scissions differed only by a very small value
among PS-TiOz-Ag, PS-TiOz-Fe and PS-TiO>-Cu composites. Extent of chain
scission was however better in PS-TiOz-Ag composite compared to others under

study.
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Figure 7.5.3. Polydispersity index (PDI) of PS-TiO>-metal composites under different

UV irradiation time

Polydispersity index (PDI) of all the PS-TiO>-metal composites increased as the
time of UV irradiation increases (Figure 7.5.3). The increase in the extent of random

mannered chain scission due to photodegradation is evident here.

7.5.2. FTIR Spectroscopy
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Figure 7.6. FTIR spectra of PS-3%(TiO2-3% Ag) at different UV exposure time
intervals ranging from 0 h to 1000 h.

FTIR spectra of all the PS-TiO2-metal composites looked alike. An increase in the
intensity of stretching vibrations corresponding to >C=0 (1740-1700 cm™"), -OH/-
OOH (3700-3600 cm™), >C=C< (1680-1650 cm™') etc were observed with the

increase in UV irradiation time for all the composites. Photo-oxidation of the
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composites taking place upon UV irradiation was evident. PS-TiO>-metal composites
underwent better photo-oxidation compared to PS-TiO, composites. Photo-oxidation
taking place in PS-TiO;-Ag composites (Figure 7.6) was slightly better compared to

the other composites.

7.5.3. UV-visible diffused reflectance spectroscopy (UV-DRS)
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Figure 7.7. UV-visible absorption spectra of PS-3%(TiO-3%Cu) (A), PS-3%(TiO»-3%Fe)
(B), PS-3%(Ti0:-3% Ag) (C) and degradation percentages of PS-(TiO:-3% metal)
composites (D) at different UV exposure time intervals ranging from 0 h to 1000 h

PS-TiO;-metal composites absorbed both in the UV and visible regions (Figure
7.7) unlike PS-TiO> composites which absorbed only in the UV region of the spectra.
This indicates the possibility that the composites may utilise both UV and visible
radiation to undergo photodegradation which has to be studied. The absorption
maxima of the composites observed in the UV region decreased, as the time of UV
irradiation increased pointing photodegradation possibility. A red shift was observed
for the absorption bands in UV region indicating the formation of extended

conjugation within the composites as a consequence of photodegradation. The
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degradation percentage (D%) determined from UV-DRS were found to be maximum
in PS-Ti02-Ag composites compared to the PS composites with Fe or Cu doped TiO».
The increase in degradation efficiency of PS-(Ti02-3% Ag), PS-(Ti02-3% Fe) and
PS-(Ti02-3% Cu) with respect to pristine PS were 7.37, 5.1 and 4.57 % respectively.

7.5.4. Mechanical Properties
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Figure 7.8.1. Tensile (A) and flexural (B) strengths of PS-TiO>-metal and PS-TiO>

composites-a comparison
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Figure 7.8.2. Tensile (A) and flexural (B) strengths of PS-3%(TiO>-3% Ag)
composites exposed to UV radiation for 0, 400 and 1000 h.

A comparison of tensile and flexural strengths of PS-TiOz-metal and PS-TiO;

composites are graphically represented in figure 7.8.1. It could be seen that the

mechanical strengths of PS-TiOz-metal composites were almost similar to that of PS-
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Ti02 composites. The mechanical strengths of PS-3%(Ti102-3% Ag) were measured at
UV irradiation time intervals of 0, 400 and 1000 hours (Figure 7.8.2). Tensile and
flexural strengths of the composites decreased with the increase in UV irradiation

time due to degradation.
7.5.5. Electrical properties

The value of dielectric breakdown (BDV) of PS-TiO;-Ag was lower than that of
PS-TiOz (Figure 7.9 A). Easier passage of electric charge across the polymer matrix in
the presence of conducting Ag metal explains the observation. PS-TiO>-metal
composites can be used in such applications where enhanced electrical conductivity is
demanded. From figure 7.9 A, the decrease in BDV with respect to the increase in UV
irradiation time could also be observed. The decrease in BDV upon UV irradiation
suggests that the free movement of charged species formed as a consequence of

photodegradation is not hindered by Ag-doped TiO: across the polymer matrix.
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Figure 7.9. Dielectric breakdown (A) and dielectric permittivity (B) of PS-(TiO2-3%
Ag) composite exposed to UV radiation for 0, 400 and 1000 h.

Dielectric permittivity (&) of PS-TiO2-Ag composites was higher compared to that
of PS-TiO, (Figure 7.9 B). The value of & further increased upon UV irradiation.

Formation of charged poles on UV irradiation is evident from this observation.
7.5.6. Thermogravimetric Analysis (TGA)

Thermogram of PS-(TiO2-3% Ag) composite showed two stages of weight loss
(Figure 7.10). The First stage of weight loss represents the water desorption of the

composite. The second stage of weight loss resulting to a steep slope between 330 and
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417° C represents the decomposition curve of the composite. The decomposition of
the PS-(TiO2-3% Ag) composite took place at an elevated temperature compared to
that of PS-TiO, composite. This suggests that the thermal stability of PS-TiO:-Ag
composite was better compared to PS-TiO> composite. A decrease in the value of
decomposition temperature was observed in the PS-(TiO2-3% Ag) composite after

1000 hours of UV irradiation. The decomposition temperature was shifted to 311-

396°C.
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Figure 7.10. TGA thermogram of PS-3%(TiO>+3% Ag) composites before and after
UV irradiation of 1000 h

7.5.7. Weight loss
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Figure 7.11. Comparison of weight loss percentages of PS-TiO>-metal composites at

regular intervals of UV irradiation
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PS-TiOz-metal composites underwent weight loss upon UV irradiation (Figure
7.11). All the PS-TiO;-metal composites underwent enhanced weight loss compared
to PS-TiO2 composites. Maximum weight loss among the composites was observed in

PS-TiO»-Ag compared to others.

7.6. Mechanism of photocatalysis of TiO:-metal composites

. —>Electron

@ —Hole

VB ~>Valenceband

CB ~>Conduction
band

Figure 7.12. Pictorial representation of electron transfer from conduction band of

TiO: to the doped transition metal, reducing the electron-hole recombination

An enhancement in the extent of photodegradation of PS-TiO>-metal composites
was observed compared to that of PS-TiO, composite. The increase in photocatalytic
activity of TiO2 upon metal doping was due to the fact that the transition metals block
the recombination of photogenerated electrons and holes in TiO; upto an appreciable
140

extent™. This charge pair separation efficiency is an outcome of improved charge

transfer between the dopant metal and TiO2*!.

Transition metal doping also reduces the bandgap of TiO; by altering the valence
band maximum and conduction band minimum to new energy levels allowing the

system to be photocatalytically active under radiations with lower energy®'. The
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decrease in bandgap energy was observed for Ag, Cu as well as Fe doped TiO: in our

study as discussed earlier.

It was observed that Ag, Cu as well as Fe doped TiO, were all efficient
photocatalyts for the degradation of PS even at low metal concentrations (3%). There
was no expected improvement in the photocatalytic efficiency of these catalysts at
higher concentration of metals (10% and 30%). Even though transition metals
decreases the electron-hole recombination within TiOz, higher concentration of metals
may result in the formation of recombination centers which facilitate the charge

recombination*?.

TiO2-metal composites with higher metal doping percentages (10 and 30 mole
percentages) existed predominantly in the rutile phase. Anatase TiO; is a better
photocatalyst compared to rutile TiO,*. PS loaded with TiO,-10% and TiO2-30%
metals consisting of predominant rutile phase should not undergo better
photodegradation compared to PS-(TiO2-3% metal). This fact was in accordance with
our observation. It has also been reported that even though anatase phase TiO: is
photocatalytically more active than rutile phase, their mixed phase exhibited superior
visible light induced photocatalytic activity. The heterojunctions formed as a result of
mixing of the two phases is responsible for this****. In this point of view, the
photodegradation of PS under visible light using TiO2-metal composites with higher

percentage of metal doping promises a future scope in research.
7.7. Conclusions

TiO2 doped with 3, 10 and 30 mole percentages of Ag, Cu and Fe was prepared
through sol-gel method. At a fixed calcination temperature of 400° C, the percentage
of rutile phase increased and anatase phase decreased in the composites with respect
to the increase in metal percentage. SEM images revealed that all the TiO>-metal
composites existed as spherical particles. The average diameters of TiO2-3% Cu,
Ti102-3% Fe and Ti102-3% Ag particles were ~125 nm, 85 nm and 50 nm respectively.
The bandgap energies of all the composites decreased as the percentage of metal
doping increased. PS loaded with TiOz-metal composites underwent enhanced photo-
oxidative degradation with deterioration in mechanical properties compared to PS-

TiO2 composites on UV exposure. The BDV of the PS-TiO>-metal composites were
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lower compared to PS-TiO> composites due to incorporation of conductive metals.
Thermal stability of the composites was superior compared to PS-TiO». Dielectric
permittivity of the PS-TiO2-metal composites was higher compared to PS-TiO,. UV
irradiated PS-TiO>-metal composites also showed decreased thermal stability. BDV of
the composites decreased and the dielectric permittivity increased upon UV
irradiation. A notable observation made from the photodegradation studies was that
the PS-TiOz-metal composites with 3% metal underwent better photodegradation
compared to that of 10 and 30% metal. Out of Ag, Cu and Fe doped TiO:
photocatalysts, better photodegradation of PS was exhibited by Ag doped TiO> under

UV irradiation.
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Summary and Conclusion

Photodegradation could be considered as a suitable technique for the demolition
of plastic debris compared to various other techniques practiced worldwide. The
advantage of photodegradation over other remedial measures implemented for the
waste plastic treatment is that the process is ecofriendly and cost effective.
Photodegradation of plastics takes place naturally in the presence of sunlight but with
a delayed time period which makes the process practically worthless. The entire plot
of this thesis, focusing on the acceleration of PS photodegradation using various
photocatalysts becomes relevant in this aspect. The metal oxide semiconductor TiOx,
as a photocatalyst showed better efficiency for the photodegradation of PS compared
to ZnO under UV radiation. Throughout the study, we could arrive into the conclusion
that the photocatalytic efficiency of TiO2 and ZnO could be improved by modifying
or coupling with various photosensitizers for the effective photodegradation of PS.
Modifications have been done by associating TiO; and ZnO with PANI and GO. TiO>
has been coupled with benzophenone derivatives and triphenylmethane dyes and
doped with transition metals such as Fe, Cu and Ag. All these materials improved the
photocatalytic efficiency of TiO2 and ZnO for the photodegradation of PS under UV
radiation. The compounds PANI, GO and triphenylmethane dyes and metals Fe, Cu
and Ag were not acceptable photosensitizers in their uncoupled state. They could act
as effective photosensitizers only when coupled with TiO; or ZnO. Derivatives of
benzophenone however are better photosensitizers even in their uncoupled state.

The question “Which photocatalyst is the best for the photodegradation of PS?”
has to be addressed at this point. This question however could only be answered
accounting the mode of application of PS-photocatalyst composite system. From our
investigations, PS-TiO2-GO exhibited superior photocatalytic activity for UV initiated
PS degradation compared to the other composites. PS-TiO,-GO composites were
mechanically stronger and thermally more stable compared to PS-TiO,. This favours
the use of PS-TiO-GO composite replacing pristine PS in several applications
demanding better thermal stability and mechanical strength. Packing containers, toys

or machine parts, for example, are made up of this composite. The products made out
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of this composite undergo better degradation when thrown into the environment after
their usage. TiO2-GO, even though a better photocatalyst, cannot be considered as
suitable filler for every application replacing other photocatalysts. The BDV values of
PS-Ti02-GO composites were lower compared to PS-TiO,. This implies that the
composite cannot be used for high voltage insulation applications. PS-TiO>-PANI as
well as PS-TiOz-metal composites also showed lower BDV values even though they
underwent appreciable extent of photodegradation. These composites also cannot
withstand higher voltage similar to GO. Even though PS-TiO>-metal can be used for
food packing, PS-TiO>-PANI and PS-ZnO-PANI are not suitable since the contact of
PANI with edible materials is unhealthy. The PS-benzophenone derivative composites
are transparent and mechanically stronger than pristine PS. The composites can
substitute PS in applications where transparency is in demand. It should also be
however noted that the compound 2-hydroxy-4-methoxybenzophenone does not

sensitize PS for photodegradation as evident from the results obtained.

Practical significance of this work

e Photodegradation studies using an artificial UV lamp which has the power 30W
and wavelength 253 nm have been conducted in this study. The photodegradation
of PS was effective under this condition. It is estimated that UV radiation from
sun striking the earth is around 32 W. This signifies that the efficiency of PS
photodegradation, inside UV chamber, is certainly possible under natural sunlight
too. Some of the composites of TiO2 or ZnO with PANI or metals have the ability
to be photocatalytically active even under visible light, as discussed in chapter 1.
Exposure of PS under sunlight may increase the extent of photodegradation for
such composites.

e Photodegradation might occur much easier and faster in our environment where
the conditions are much harsher. Environmental weathering of the polymer may
further assist its degradation process.

e Incorporation of optimum amount of photocatalysts also makes PS mechanically
stronger and thermally more stable promising a wide range of applications.

e Photocatalysts can be loaded into PS during the moulding process and can be
brought into commercial applications without much time consuming and

complicated processes.
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Eco friendliness in the photocatalysed degradation of PS and the relevance of

this work

e Photodegradation occurs naturally under direct sunlight without any further
requirements, making the process costless.

e No toxic gases are liberated during the process.

e The photocatalysts and sensitizers employed in this work, such as TiO2, ZnO, GO,
Fe, Cu and Ag are non-hazardous materials.

e Even though the photosensitizers like PANI, benzophenone derivatives and
triphenylmethane dyes may be hazardous, their presence in PS doesn’t matter
much as they are loaded in very minute quantities.

e Photodegradation of PS composites would be effective in water bodies too.
Interaction of water molecules with the catalysts or PS furnishes more OHe under

sunlight that enhances photodegradation.

Way forward

UV-visible spectra of some of the PS composites especially composites consisting
of PANI, GO, metals and dyes showed absorption in the UV as well as in the visible
region. A thorough literature survey also supports the fact that these photosensitizers
have the ability to extend the photocatalytic activity of TiO2 and ZnO into the visible
region. Replacing the UV light source with the visible light of sun can further extend
the scope of PS photodegradation studies.

The electrical, mechanical and thermal properties of the PS-composites showed
variations according to the type of photocatalysts used. A detailed study of various
properties of these PS composites may explore the possible usages of these

composites in several applications.
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