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PREFACE

The environment pass through various threats/depreciations day by day
due to various reasons including man made reasons. Metal degradation
and water pollution are two major issues that have a direct impact on
humanity and lead to huge problems. Due to rapid industrialization, the
demand for metals and alloys is growing in construction, aerospace,
containers, packaging, transport, etc. Corrosion is one of the extreme
cause of depletion of our natural resources which get increased
concern regarding environmental damage and other inconvenience to
human being. The durability and efficiency of metals and alloys can be
improved by applying anti-corrosion coatings has been an active area
of materials science research for quite a long time. Environmental
pollution, especially water resources has increased in the last few
decades due to unscientific activities from agricultural, industrial,
pharmaceutical and plastic industries. The unmanageable discharge of
several hazardous contaminants and pollutants into aquatic
streams troubles human health to a great extent. Adopting new waste
management techniques is a necessity of the day in order to preserve
the health of the globe. Research into the production of hybrid systems
based on TiO> constitute a new group of compounds exhibiting strictly
designed physicochemical properties have the potential applications in
different fields. This study focussed on the management of different
types of contaminants from water adopting different management

strategies like adsorption, photocatalysis, superhydophobic / non-



wettability control and the development of protective coatings on mild

steel.

This thesis is organized into six chapters that provide comprehensive
coverage of the major objectives and its results. Chapter 1 accounts
for the general introduction of Titania and its hybrids. It provides the
requisite basic details on the history and structure of Titania. Different
synthetic methods adopted for the preparation of Titania and hybrids
are briefly discussed. It also includes a short overview of its
applications for anticorrosion and remediation of wastewater. Chapter
2 deals with experimental approaches, and this chapter gives a brief
description of the various materials and methodologies used in this
current research work. Various chemicals used in the study are shown
here. A detailed outline of the experimental methodologies adopted for
the study is also given. The most effective techniques for
characterizing selected materials have been discussed. Application
studies of the synthesized materials are given towards the end of the
chapter. Chapter 3 explains the development of titania, PVA-titania,
thiourea loaded PV A-titania coatings on mild steel in hydrochloric acid
and sodium chloride media. This is divided in to two parts, Part A
deals with the discussion of characterization and application of titania,
PVA titania and thiourea loaded titania PVA hybrid as anticorrosive
protective coatings on mild steel in HCI media and Part B deals with
the study of above mentioned coatings in NaCl media. The coatings on
mild steel have been developed via sol-gel dip-coating method. To
investigate structure and morphology of coating, Fourier Transform

Infrared Spectroscopy (FTIR), Field Emission Scanning Electron



Microscopy (FESEM), Energy Dispersive X-ray Spectrometry (EDX)
and Atomic Force Microscopy (AFM), Diffuse Reflectance
Spectroscopy (DRS), X-ray Diffraction Spectroscopy (XRD) and
Raman techniques were employed. Effects of different parameters on
corrosion efficiency have investigated. In addition the modified
coatings on metal offers attractive protection efficiency on extending
the exposure period in HCI and NaCl media for several days, which is
much higher than conventional sol-gel coating which losses efficiency
day by day. The protective coating on the metal surface that provides a
significant physical barrier against the attack of corrosive ions from
acid solution and NaCl solution. This easy, fast and eco-friendly
process has the potential to replace environmentally hazardous
chromate convertion coatings. Chapter 4 describes the selective
adsorption nature of Titania (TiOz) and Titania (TiO2)—polyvinyl
alcohol (PVA) nanocomposite to Methylene Blue dye from aqueous
solution. The hybrid nanocomposite was characterized by X-ray
diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR),
UV-Vis spectroscopy, Photoluminescence Spectroscopy (PL), Fourier
Transform Raman Spectroscopy (FT Raman), Field Emission Scanning
Electron Microscopy (FESEM) with (EDAX), and High-Resolution
Transmission Electron Microscopy (HRTEM). The Surface charge of
the nanocomposite was probed with Zeta potential ({) measurement by
Dynamic Light Scattering (DLS) technique. This chapter addresses the
characterization and application of inorganic—organic nanocomposite
hybrids including TiO> and PVA. Using a simple and practical
approach, we could achieve a very high surface area and a high pore

volume hybrid. The composite has substantially improved adsorption



capacity for cationic methylene blue (MB) dye from methylene blue
and methyl orange (MO) mixtures and is used as a selective adsorbent
for cationic dyes. The selectivity of catalyst was confirmed with
another cationic dye acridine orange (AO). Hybrid adsorption of MB
was performed under various experimental conditions. Adsorption
kinetics studies and isotherms were investigated. Chapter 5 divided in
to Part A and Part B. Part A deal with the highly effective
photocatalytic removal of endocrine disrupting Bisphenol- A (BPA)
under visible light using mesoporous Titania — silica (TiO2 — SiOy)
nanocomposite and Part B provides the details of HMDS/GPTMS
modified Titania silica nanocomposite coated cotton fabric for Oil -
water separation. Part A discusses on the characterization and
application of titania and titania silica nanocomposites as
photocatalysts for the degradation of BPA under visible light. The
hybrids were characterized through technics such as XRD, FTIR, DRS,
FESEM, HRTEM, BET and XPS. The radical intermediates formed
during the degradation of BPA, the rate of mineralization and the
degradation products in the solution have been identified. Part B
focuses on the modification of titania silica nanocomposite with
GPTMS and HMDS for the fabrication of super-hydrophobic coating
on cotton fabric for the separation of oil from water. The fabric was
characterized by using ATR and FESEM techniques. The durability of
the coating was determined by the exposure of the specimen to harsh
environments. Besides, the mechanical durability, abrasion test, tear
test washing durability was also investigated. Environmentally friendly

fluorine and chlorine-free fabrics can be successfully obtained by this



process. This coated fabric free of fluorine and chlorine can be

effectively utilized in various fields.

Chapter 6 provides the conclusion of the work. It explains the
relevance of the research work carried out and outlines of future scope
and objectives to enhance the potential of Titania Hybrids for a number

of applications.
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Chapter 1

INTRODUCTION

1.1
1.2
1.3
14

1.4.1.
14.2.
1.4.3.
1.4.4.

1.5

Metallic corrosion

Water pollution

Titania or titanium dioxide

Application of Titania and hybrids — Present work
Titania hybrids - Sol -gel coatings

Titania hybrid - Adsorbents

Titania hybrids - Photocatalyst

Superhydrophobic Titania hybrid/Wettability control
Objectives of the Present Study

Titania has drawn considerable interest owing to its unique properties. A
more general introduction to Titania and its hybrids provided in this
chapter.The necessary basic information concerning the history and structure
of Titania included in this chapter. Specific synthetic methodologies adopted
for the preparation of Titania and hybrids are briefly discussed. This chapter
also presents a brief outline regarding the applications of Titania based
systems for anticorrosion and waste water remediation applications.
Chapterlends with the objectives and details of the present study.




Introduction

Over recent decades, several issues affecting mankind directly
or indirectly regarding environmental pollution, energy crisis,
depletion of metals etc. are becoming an important research topic.
Among these issues corrosion of metals and alloys are well
documented. It is observed that, from everyday domestic applications
to the construction of complex engineering structures for industrial
purposes, metals are significantly deployed.Corrosion is the most
important metal consumer known to man[1]. It is one of the oldest
problems that have ever challenged the industrial world and remains as
a challenging problem even in the 21% century. Another most alarming
environmental problem affecting all living creatures is water pollution.
It is the most serious ecological threat and thereby degrading the
quality of public health and aquatic life[2]. New materials or strategies
should be incorporated to reduce environmental contaminations and

associated issues.
1.1. Metalic Corrosion

The costs of corrosion in commercial, residential and
transportation has been estimated at a whopping trillion of dollars
per year.The industrial requirement of metals and their alloys is
growing steadily, making it one of the promising candidates for
different applications.However, the use of this alloys and metals
despite of its inherent advantages, is still not utilized fully for many
applications due to its significant corrosion behaviour.Corrosion is
defined as the degradation of material by reaction with its

environment[3]. Corrosion of a given material can take place by two
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major external components, namely the environment or the
electrochemical system (eg. atmosphere, acid or corrosive media), and
operating conditions (eg. stress or pressure, erosion and temperature
etc.). The most significant is the electrochemical reaction, which
involves the transfer of electrons between the participants.
Electrochemical reactions can be divided into anodic and cathodic
reactions. While anodic reaction involves anodic dissolution, all the

electrons released at the anode are consumed by the cathode.

The three main concern of metal corrosion to the societal point
of view are: the economic aspects, depletion of natural resources, and
loss of life due to environmental damages[3-5].Metallic corrosion is a
serious problem which affected a large portion of the government
sector from infrastructure to manufacturing[6]. It causes safety and
health issues other than the depletion of natural resources. In order to
overcome these difficulties and making metals and alloys useful in

various fields the metals should be protected from corrosion.

Although corrosion is a natural process, it can be controlled by
using effective methods and strategies[7]. There are many ways to
control corrosion, namely cathodic protection, anodic protection, use
of inhibitors and protective coatings etc.(Figure 1).1t is highly
advantageous to improve the lifespan and performance of metals and
alloys by applying different anti-corrosion coatings[8]. Anticorrosion
coatings require the development of new surface materials such as
nanomaterials that can impart various functional properties to the metal
/ component surfaces.The function of a protective coating is to provide
a satisfactory barrier between the metal and its environment[1].




Introduction

Corrosion behaviour of sol-gel coatings has been extensively studied
on different metallic substrates[9]. The use of sol-gel coatings has
been projected as a better substitute for the environmentally
unacceptable chromium-based coatings[9-13].The nano sol gel
coatings could be quite helpful to reduce or slow down the corrosion
process. Due to their scratch-resistance, sound proofing, abrasive, or
preventive properties, the coatings obtained by the sol-gel method
could be used as protective coatings[14]. Compared to general coatings
and traditional composite sol-gel coatings, the hybrid coatings have
much improved properties due to the nanosize dispersion effect. Thus,
the production of eco-friendly sol—gel coatings to prevent corrosion on
metallic substrates was one of the emerging areas of research,
competing with conventional chromate and phosphate coatings.[15]

Various methods available for monitoring the corrosion
processes are pictorially represented in Figure 1

Coating

Galvanization Alloying

Ways to

prevent
corrosion

Cathodic
protection

Electroplating

Figure 1.Pictorial representation of common methods of corrosion
protection.
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1.2. Water pollution

Another terrible environmental problem affecting mankind is
water pollution which causes millions of deaths per year. Fresh water
resources are continuously contaminated by pollutants due to various
reasons including rapid industrialization[16-18]. Water is able to
dissolve more substances than any other liquid on earth; hence it is
easily polluted. According to the U.S. Environmental Protection
Agency's most recent surveys of national water quality, nearly half of
Indian rivers and streams and more than one-third of lakes are polluted
and unfit for swimming, fishing and drinking. Pollution of fresh water
may be due to soil erosion, inadequate sanitation, by algal blooms,
detergents, dyes, fertilizers, pesticides, other chemicals, oils, heavy
metals, etc as illustrated in Figure 2.These contaminants are either
toxic or become toxic when being gradually decomposed in the eco
system. These are degrading water quality and rendering it toxic to
humans or the environment. The effect of these organic effluents in
the waste water can be sensed by monitoring the change in the vital
parameters of the discharged water such as COD, BOD, toxicity,
unpleasant odour and colour. The presence of even a trace amount of
coloured organic compounds in the aquatic systems can result in
colouration of water. These undergo bioaccumulation in living
organisms due to their slow degradation nature. As a consequence of
this, water obstructs the sunlight access to aquatic organisms and
plants, and diminishes the photosynthesis and affects the
ecosystem[19, 20]. It is necessary to remove these contaminants to
protect the water resources and to produce water of desired quality.
Different physical, chemical and biological methods are developed
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over the years.These are currently being employed to remove these
contaminants or degrade them into non-toxic ones. Unfortunately,
many types of organic pollutants in water are not removable by those
conventional technologies. There is a need to modernize, update or
modify the already existing methods to be more stable, economical and
viable. These methods include adsorption, coagulation, oxidative-
reductive degradation and membrane separation and so on. But each of
these methodologies has its own advantages and limitations. In the
current research we have chosen three different functionally modified
materials as adsorbent, photocatalyst, and superhydrophobic material
for the removal of contaminants. Among the group, organics, dyes and
oil spills have invited serious concern and is chosen as our target
contaminants. Variety of different fascinating materials has been used
for the decontamination of water/ wastewater and in the present
research work we have chosen titania as our base material whose
functional properties have been modified and tuned to suite for
different applications.

Dumping W Seepagekom

and raw sewage ~landfill %07 Ak

Figure 2. Common sources of water pollution
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1.3. Titania or Titanium dioxide (TiO2)

Titanium dioxide (TiO2) or titania is one of the very interesting
material used for different applications because of its unique optical
and physical properties, availability, low cost and non-toxicity. It is
found to be the most studied material especially in environmental and
energy crisis management.  TiOz is extensively studied as a
photocatalysts, smart coatings, solar cells, etc. owing to its promising

electronic and opto-electrochemical properties[2, 21-28].

Titanium is the world’s fourth most abundant metal and ninth
most abundant element which is not found in its free state. It is placed
in the fourth group of the periodic table, and its chemistry shows
similarities to that of silicon and zirconium. The outer electronic
arrangement is 3d24s?, and the principal valence state is IV, though I,
Il states are also known. The metal has been detected in meteorites and
stars. The element burns in air to give the oxide, TiOz.lt was
discovered in 1791 in England by Reverend William Gregor, who
recognised the presence of a new element in ilmenite[29]. A German
chemist, Heinrich Klaporth, who named it after Titans, the
mythological first sons of the goddess Ge (earth in Greek mythology),
rediscovered it several years later in rutile ore. Titania occurs mainly in
minerals like rutile, ilmenite, leucoxene, anatase, brookite, perovskite

and spines and also found in titanates and many other iron ores.
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1.3.1. Structure

TiO2 is: i) insoluble in water, (ii) chemically and biologically
inert, (iii) photo-stable, (iv) non-toxic, (v) cheap and (vi) readily
available[30-32].1t crystallizes generally in to anatase,rutile and
brookite morphologies.The band gap corresponding to these forms are
3.2 eV[33, 34] for anatase, 3.0 eV for rutile[35], and ~3.2 eV for
brookite[36].TiOz is an n-type semiconductor[37].The valence band of
TiO> consists of 2p orbitals of oxygen, whereas the conduction band is
made up from 3d orbitals of titanium. The vacancies are formed upon
the release of two electrons and molecular oxygen leaving a positive
(+2) oxide ion vacancy[38].

Majority of research work has been carried out with either
rutile or anatase phase. The primary source of titanium dioxide and the
most stable form is rutile ore. It was discovered by Werner of Spain in
1803. Its name is derived from the Latin word, rutilus, means red,
because of the deep colour observed in some specimens on exposure to
light. In 1801 anatase was named by R. J. Hauy from the Greek word
‘anatasis’ meaning extension, and Brookite was discovered in 1825 by
A. Levy and was named after an English mineralogist, H. J.
Brooke.Anatase (a = b = 3.782, ¢ = 9.502 A°), and rutile (a=b =
4.854, ¢ = 2.953A%are both tetragonal in structure while the brookite
structure is orthorhombic.Titania exists in the crystalline as well as
amorphous forms. Titanium (Ti* *) atoms in all three forms are co-
ordinated to six oxygen (O?) atoms, forming octahedra TiOs[39]. All
the three forms differ only in the arrangement of these octahedra. In
case of all the crystalline forms, each Ti*" ions are surrounded by an
irregular octahedron of oxide ions. Each octahedron is in contact with
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10 and 8 neighbouring octahedrons in the rutile and anatase structure,
respectively. Whereas in brookite structure three edges per
octahedron are shared [40]. Such variations in terms of lattice
structures cause difference in mass densities and electronic band
structure between the two forms of titanium dioxide.

1.3.2. Anatase to rutile

The experimental conditions affect the transformation from
amorphous to anatase or rutile morphology.According to the widely
accepted theory of phase transformation of TiO>, the cleavage of two
Ti-O bonds in anatase structure allows the Ti—O octahedral
rearrangement and leads to a smaller volume, result in a dense rutile
phase[41]. The cleavage of these bonds can be affected by parameters
such as particle shape/ size, purity, source effects, atmosphere, reaction
conditions, addition of dopants, method of synthesis and thermal
treatment. Lattice vacancies are generated by the removal of oxygen
ions, which accelerates the transformation. The heat treatment of
amorphous titania converts it to a crystalline anatase structure at
temperature below 300° C, which on further heating converted to rutile
form. However, no unique phase transformation temperature is
reported[42]. On heating concomitant with coarsening, one of the
following transformations are observed; anatase to brookite to rutile,
brookite to anatase to rutile, anatase to rutile and or brookite to rutile.

1.3.3. Titania hybrids

In fact, there is no clear borderline between the hybrid and
nanocomposite materials. The term nano composite is widely used
when discrete structural units are used in the respective size regime.
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When inorganic units are formed in situ by molecular precursors, such
as applying sol — gel reactions, the term hybrid material is used more
frequently. This field is very creative, since it provides the opportunity
to invent complex systems from simpler building blocks. The optical
transparency of the resulting hybrid materials and nanocomposites is
relatively high. It makes ideal candidates for many optical applications
for these materials[43, 44].Various strategies have been adopted for
improving the properties of TiO> and to achieve outstanding
performance in various fields. TiO2-based hybrid systems form a new
category of compounds with specifically engineered physicochemical
properties. This is resulting from the effects of combining the
characteristic behaviour of the individual compounds from which they
are made. Modifications of TiO2 can be achieved by the introduction
of molecular species like metal, metal oxide, metal sulphides, metal
selenides, metal nitrides, organic molecules, inorganic salts, polymers,
dyes, non-metals, clays etc. generates unlimited set of new
multifunctional materials.The physical properties like structural,
textural, acid/base, catalytic properties of pure TiO2 can be altered by
the presence of foreign particles [45]. The production and potential
applications of TiOz and its modified forms are effective when the final
materials should have a strictly defined dispersive character, crystalline
structure, morphology and porous structure.

1.3.4. Synthesis of titania and hybrids

In industry, TiO2 is produced by older sulphate process or
newer chloride process. On a laboratory scale, TiO has been prepared
mainly by use of titanium isopropoxide or alkoxides as precursors. A
variety of chemical and physical methods of synthesis like solution
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deposition, sol-gel processing, hydrothermal/solvothermal, gas-phase
deposition, template method can be employed to synthesise effectively
titania-hybrids at ambient conditions. The textural properties of hybrid
materials, such as pore size distribution, surface area, etc., are strongly
dependent on the conditions of synthesis, including precursor nature
and structure, solvent, complexing / templating agent, hydrolysis and
calcination state. In the present study we have selected sol gel method
and hydrothermal method[46].

1.3.4.1. Sol-Gel method

Sol-Gel method is used for the synthesis of thin films, powders,
and membranes. The major steps involving in sol-gel method are (i)
hydrolysis of the metal precursor by using a suitable catalyst (generally
an acid or a base), (ii) condensation of the hydrolyzed precursors, (iii)
aging of the sol, (iv) processing or deposition of the coating on metal
substrate generally by dip coating or spin coating, (v) cross linking of
film by heat treatment which is known to a) drying and b)
densification[47]. Successive steps like aging, drying and calcination
are important for the formation of powders, glasses, ceramics etc. In
Non-alkoxide route,the precursor used are TiOCIy,TiCls, SiCla,
TiOS04,[48-50] etc. and in alkoxide method, the precursors used are
Ti(OCsHy)a, Ti(OCsHo)asetc[51-53]. For the coordinative saturated
metals such as the metal alkoxides, hydrolysis and condensation occur
by nucleophilic substitution (SN) mechanisms, in which coordination
and proton transfer are involved and followed by removal of either
alcohol or water. The titanium precursor, can accept lone pair of
electrons from water molecule through oxygen. It was reported that —
OR group is a better leaving group, so which can be easily replaced by

10
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an —OH group. The leaving alkoxide group can easily protonated
within the transition state from water molecule and removed as
alcohol. Condensation reaction can form large chains of molecules
through polymerization. Condensation can proceed through either
alcoxylation or oxolation reaction. In both these processes an oxo
bridge (M-O-M) is formed in between the metals.Alcoxolation is the
process of removal of alcohol group and the site is occupied by water.
Complete polymerization and solvent loss lead to the transformation of
the liquid sol into a phase of solid gel. Thin films can be created by
spin-coating or dip-coating on a piece of substrate.A wet gel will form
when the sol is cast into a mold, and the wet gel is converted into a
dense ceramic upon further drying and heat treatment.Organic matter,
moisture and volatile impurities already present in the sample are
driven out on calcination and get pure oxide form of the metal.
Because the precursors react quickly with water and appear to
precipitate, several methods have been employed to regulate the
reaction rate to obtain desired nanostructures. However, the main
difficulty in binary metal systems is the control of the precursor
hydrolysis rate. One way to alter the hydrolysis rate is by altering the
precursors with an effective complexing agent. Interesting advantages
in sol-gel method includes 1). the method requires simple processing
steps and simple equipment 2),cost effective method 3),sol-gel
preparation needed only room temperature4),chemical homogeneity of
the sol-gel product is possible with high purity 5),able to get small
sized materials having high surface area and porosity 6),sol-gel method
can be used to make ceramic and glassy materials in the form of
powders, fibres, or thin films 7),easily get variety of products such as
fibres, films, powders with suitable properties8),easy to do coatings for
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films and 9),metal (inorganic) — organic nano composites can easily
generate through sol-gel method[54-57]. Based on the above synthetic
approach, oxides with different physical and chemical properties may
be obtained. According to a report by Italian researchers, SiO2 /TiO>
system can be obtained through the sol-gel method. Swinska-stefanska
et al. studied the effect of doping of Fe and Co in nano- and
microstructured TiOz , synthesised by the sol-gel method [58]. Fan et
al. synthesised a mesoporous TiO2 /ZrO, nanocomposite from titanium
tetrabutoxide, ZrOCl, -8H>0, utilising the sol-gel method[59]. Shao et
al. prepared pure TiOz and TiO2 /ZrO2 system via simple sol gel
method[60]. Similarly, in another study Kraleva and Ehrich produced
the TiO2 /Al Ozsystem via simple sol-gel method[61].

1.3.4.2. Hydrothermal method

The hydrothermal process is one of the most widely used
technique to produce several new hybrid materials with different
morphologies and improved crystallinity. This route is often employed
for the synthesis of powders, fibers, single crystals, monolithic ceramic
bodies and metal, polymer and ceramic coatings [62]. The method is
widely used in the ceramic industry for the production of small
particles. It is a non-conventional method defined as crystal synthesis
or crystal growth under high temperature and high pressure. Usually,
this method is carried in steel pressure vessels called autoclaves under
controlled temperature and/or pressure with reactions occurring in
aqueous solution. The temperature can be increased above the boiling
water level, which exceeds the saturation pressure of the vapor. The
temperature and the amount of solution added to the autoclave mainly
determine the internal pressure generated. During the synthesis, water
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can works as a catalyst as well as a component of the continuous

phase.

1.4. Application of titania and hybrids — present work

Titanium dioxide is widely accepted as an ideal candidate in
the field of energy and other environmental crisis. Among the different
applications of TiO. hybrids, we have aimed on anticorrosion,
adsorption, photocatalysis and wettability control over various fields as

represented in Figure 3.
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Figure3. Pictorial representation of the applications of TiO. hybrids

used in the present study.
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1.4.1. Titania hybrids sol -gel coatings

Sol-gel inorganic coatings have been proposed as an alternative
method for the protection of metallic materials. In the literature, some
oxide coatings with very low electronic conductance such as TiOo,
Si02, Al2Os3, ZrO», or mixed oxides composite coatings on metals to
improve their surface properties have been reported as corrosion
protection agents[63-65]. The major drawbacks of inorganic sol-gel
coatings from the standpoint of corrosion resistant layers arel).thick
coatings are difficult to achieve without cracking, 2).brittle inorganic
films have high crack-forming potential, 3). pure inorganic films have
apertures[66, 67].Such drawbacks cause poor physical barriers to
inorganic sol — gel films that cannot provide adequate protection for
corrosion. The introduction of organic groups or polymers into
inorganic sol-gel coatings eliminate the drawbacks of traditional
inorganic coatings.The strong chemical interaction between organic
and inorganic constituents improve anticorrosion properties of
inorganic organic hybrid materials and this turned out to be an
interesting areas of coating science in the last decade[68-73]. Guin et
al. developed titania containing organic-inorganic hybrid sol-gel film
using titanium isopropoxide as precursor and methyl hydrogen silicone
as coupling agent[74]. Nowadays hybrid metal oxide sol-gel coatings
are widely accepted materials to improve corrosion resistance on
various metals like Al, Mg, Fe and other alloys. This is because of the
fact that they have good adhesion to metallic substrates and good
barrier effect to corrosion inducing substances. The application of sol-

gel coatings, in fact has been projected as a better substitute for the
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environmentally unacceptable chromate based coatings. The titania
hybrid sol-gel coatings over metallic substrates act as adhesion
promoters and are used to protect the metals against corrosion. The
sol-gel derived titania organic-inorganic hybrid coatings have been
demonstrated as promising conversion treatment for long term
protection against atmospheric corrosion, but their corrosion protection
performance is limited due to the presence of pores and cracks in the
film. It was reported that a combination of different inhibiting species
could provide a synergistic inhibition effect, and consequently confer a

superior corrosion inhibition of alloys.
1.4.2. Titania hybrid- adsorbents (selective dye removal)

A plethora of research has been done for the remediation of
waste water. Water pollutants include microorganism, pesticides,
pathogens, and other organic materials. Dyes considered as a type of
organic pollutants and represent one of the problematic groups. They
are emitted into water from various industries exhibit toxic effects on
microbials as well as mammalians. Most of the dyes used in textile
industries are photostable and non-biodegradable. A number of
methods such as ozonisation, coagulation, precipitation, ion exchange,
have been used for the removal of dyes from water. Each of these
methods has inherent limitations[75]. These have been limited since
they require high capital and operational costs. However, adsorption is
considered as an effective and economical method.Many traditional
adsorbents, such as active carbon, zeolites, and polymeric materials,

have been used for removing pollutants.Activated carbon is an
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effective material for the removal of pollutants from wastewater but in
industrial processes, it was restricted due to its high operational and
investment costs[76]. Due to low operating costs, the search for
sorbents capable of selective removal of dyes is a challenge for
scientists all over the world. Recently, mesoporous and microporous
oxides as well as their mixtures have been developed to overcome
these challenges. Its microstructure and superior morphological
properties as well as mechanical strength and non-toxicity make them
ideal adsorbents[77]. TiOz is reported to possess a high adsorption
capacity. But due to its poor mechanical stability might limit their
practical application in some fields. The literature reports that
modification of TiO. enhances the surface area by controlling the
growth of crystallites and gives higher porosity leading to high
adsorption efficiency[78-80].

Apart from this the introduction of selective adsorbent is an
important goal in the frontiers of research. The adsorbent can
selectively adsorb one of the contaminants without any concentration
change in the other from a mixture. Factors that influence the
adsorption  efficiency include adsorbate-adsorbent interaction,
adsorbent surface area, adsorbent to adsorbate ratio, adsorbent particle
size, temperature, pH etc[81, 82].Numerous efforts have been taken for
the preparation of environmentally benign hybrids to enhance and
extend the application to selective dyes from contaminated water Lim
et al. employed hydrothermal route to synthesize sodium titanate
nanobelts and nanotubes using TiO2 and TiS; as precursors, and

showed that both nanostructures follow the Langmuir model regarding
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the adsorption of methylene blue (MB) [83].The dual phase
anatase/titanate nanoparticles reported by Cheng et al. also follow the
Langmuir model in the adsorption of MB with a capacity of
162.19 mg g*. It was also reported that the removal of MB by anatase-

covered titanate nanotubes follow the Langmuir model.
1.4.3. Titania hybrid as photocatalyst

Photocatalysis is a promising, environmentally benign
technology for the conversion of solar energy into chemical energy. It
is the acceleration of a chemical transformation by the presence of a
catalyst and light. Common photocatalyst are semiconductors such as
ZnO, TiO2 Fe20s etc. When a semiconductor metal oxide is
illuminated by light with energy equal to or greater than band-gap
energy, it can cause the formation of excitons and as a result the
valence band having positive polarity and conduction band having
negative polarity[84, 85]. Subsequent electron-hole recombination
occurs when positive holes combine with promoted electrons to
reverse the promotion process and releasing the input energy as heat,
with no chemical effect. Nevertheless, if the electrons (and holes)
migrate without recombination to the semiconductor surface, they may
be involved in various oxidation and reduction reactions with adsorbed
species such as water, oxygen and other organic or inorganic species
other than the semiconductor itself. Photo-generated positive holes can
react with electron donors to oxidize these molecules. Photo-generated
electrons on the other hand tend to reduce electron donors exposed to

the surface of the semiconductor [86].Three factors mainly pertaining
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to the band structure of semiconductors have greatest effect on
photocatalytic reactions. Generally, the photocatalytic power of a
semiconductor widely depends on,1). light absorption characteristics;
band gap energy determines which wavelength is more effective, 2).
position of lowest point in the CB-determines the reducing power of
catalyst and it should be negative with respect to the SHE potentials,
3). position of highest point in the VB determines the oxidizing power
of catalyst and it should be positive with respect to the SHE potential,
4). rate of redox reaction by electron-hole pair on the surface of
semiconductor, and 5). rate of e-/h+ recombination has greatest effect

on photocatalytic reactions.

The wide band gap, high exciton binding energy, tuneable
crystal structure (rutile, anatase, and brookite) and environmentally
friendly nature of TiO> at nano scale have been employed to develop
highly selective sorbents for the removal of contaminants from
different fields by photocatalysis.Among the wide range of
photocatalystsTiO, (band gap, BG= 3.2 eV), WOz (BG = 2.8 eV),
SITiOz (BG = 3.2 eV), a-Fe203 (BG = 3.1 eV), ZnO (BG = 3.2 V),
and ZnS (BG = 3.6 eV) [87]in use, TiO2 has been widely investigated
due its high photochemical activity, and is considered as a bench mark
material in the field of photocatalysis.The report entitled
“Autooxidation by TiO2 as a photocatalyst” might be the first study
regarding photocatalysis with respect to TiO. developed by Kato and
Masho in the year 1956. In 1972, the main breakthrough towards TiO»-
based photocatalysis is reported by Honda and Fujishima by the
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discovery of water photolysis on a TiOz electrode. This was considered
as the land mark study which attracted much attention and contribution
towards photocatalysis and hereafter the study using TiO2has become a
hot subject in the area and the growth in publication was exponential.
In general, photocatalytic reaction on TiO. consists of three steps
1).photo-excitation generates electrons (e”) and holes (h*), 2).the
electrons and holes migrate to the TiO> surface and finally, 3). the
electrons and holes react with adsorbed electron acceptors and donors,
respectively, to complete the photocatalytic reaction. The redox
potential of photo-generated holes is + 2.53V compared with the
standard hydrogen electrode (SHE)[87]. After reaction with water,
these holes can produce hydroxyl radicals (OH‘), whose redox
potential is only slightly decreased. Both are more positive than that
for ozone. The redox potential of conduction band electron is —0.52 V,
capable of reducing dioxygen to superoxide O>"", or hydrogen peroxide
H20,.Depending upon the exact conditions, the holes, OH radicals,
02", H20; and O, all can play important role in the photocatalytic
reaction mechanisms[88]. The mechanism of titania photocatalysis is
shown in the Figure 4.Although the detailed mechanism of
photocatalysis reactions of TiO> differs from one pollutant to another,
it has been widely recognized that O>" and, in particular, OH radicals

act as active reagents for the degradation of organic compounds.
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Figure 4. Mechanism of Titania photocatalysis

The extensive availability of visible light makes interest for the
development of visible light active photo-catalysts. A small band gap
is strongly desirable for an effective visible light photocatalyst. Much
effort is currently focused on to meet these criteria and to harvest
visible light (43% of the solar spectrum) for better solar energy
conversion. A limitation of TiOzis its wide band gap of 3.2 eV which
allows only UV light to be absorbed that covers limited area of solar
spectrum (< 387 nm, accounting for 5% of the solar spectrum)[89-91].
So, in order to achieve outstanding photocatalytic performance
advances must be made to improve the light absorption, charge
separation, and surface reactivity of TiO». Different strategies have
been adopted to achieve the modification of the above-mentioned
factors either by altering morphology or by developing composite
using foreign components into the TiO. structure using chemical
modifications. Figure 5 a) gives titania photocatalysis under visible
light and b) gives the influence of additional components. Important
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photocatalytic modifications can be obtained by surface modification
of TiO>. It include, 1). the incorporation of transition metal ions (such
as Cu, Mo, Zr, Mn, Fe etc.) [92-94], 2).developing reduced form
TiO»— , 3) Dye sensitisation, 4). non-metal doping (such as N, P,C, S)
[95-97],5).use of hybrid semiconductors (such as TiO2 /SiO2 , TiO:
/Al;03)[98-100], etc. Fabrication of mesoporous and microporous
titania hybrids is one of the most promising ways to achieve excellent
photo-catalytic performance of TiO2. In order to study the
photocatalytic properties, TiO2> /ZrO, composite was developed by
Zhou et. al using sol-gel method. The obtained anatase crystalline
structure confirmed from different physicochemical analysis. The
specific surface areas of the resulting composites (for all variant
methods of synthesis) lay in the range 187.0-219.2 m? /g[101].
Similarly Cheng et al. studied the photocatalytic properties of a hybrid
material (UTZ) consisting of 3D nano spherical TiO, with a
“hedgehog” shape and one-dimensional ZnO in the form of “nano
spindles”. The composite was highly homogeneous with crystalline
structure of anatase (TiO2) and the hexagonal wurtzite structure (ZnO)
[102]. The wrapping of TiO2 hollow microspheres with rGO sheets via
a facile solvothermal route using poly(L-lysine) (PLL) and ethylene
glycol (EG) as coupling agents by Yan et al leads the formation of a 3-
dimensional  reduced graphene oxide/TiO, (rGO/TiO2) hybrid
composite [103]. Modifying the electron structure of titanium dioxide
in the formation of hybrid oxide systems shown to have, 1).modify the
surface properties such as surface area of TiO2, 2)enhance thermal
stability of the anatase phase, 3). enhance the electron-hole separation,
and 4). extend the light absorption into the visible range.
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Figure 5 a) Titania photocatalysis under visible light and b) effect of
additional components on titania.

1.4.4. Superhydrophobic titania hybrid wettability control — (oil -
water separation)

A solid surface that strongly repels water drops is called a
superhydrophobic surface. Based on the contact angle and the wetting
behaviour, the solid surfaces are classified into four categories,1).super
hydrophilic if the contact angle is less than 10, 2).hydrophilic, if the
contact angle is between 10 and 90, 3).hydrophobic, if the contact
angle is between 90 and 150, and 4).super hydrophobic, if the contact
angle is above 150 . Contact angle is usually used as a measure of
hydrophobicity or wettability. It is the angle made by the water drop
with the contacting solid surface at the contact line. Understanding the
wetting behaviour of a water drop on a solid surface is the basis for
designing a superhydrophobic surface. Numerous super-hydrophobic
artificial surfaces have been created inspired by living creatures with
unique wettability that possesses super-hydrophobic properties. Nearly
all methods for achieving super hydrophobicity consist of two steps:
first, making a hierarchical surface roughness, and then surface
modification of some materials such as fatty acids, fluoroalkylsilanes,
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etc. by means of a low surface energy solution. Superhydrophobic
surfaces and coatings have a unique behaviour against water droplets.
This unique behaviour results into a new set of applications including
self-cleaning, antibacterial, oil-water separation, corrosion resistance
etc[104]. To date, various strategies have been proposed for imparting
superhydrophobic surfaces to substrates, such as template methods,
colloidal self-assembly, sol-gel processing electro-spinning, layer-by-
layer deposition, lithography and others[105-107].

There have been many reports of oil contaminants in sea waters
and rivers due to the leakage and sudden accidents [108-113]. It has
always been challenging and expensive to remove oil contaminants
from water. Special wetting membranes with simultaneous super
hydrophobicity and super oleophiliicity making it a promising
candidate for water purification[114, 115]. Different methods have
been introduced by scientists and the use of super hydrophobic cotton
as filter material has been reported recently.The development of bio-
inspired special wettability in textile industries concerned with
cloths/paper for oil (or organic solvents)-water separation. Many
findings have also been reported for the preparation of super-
hydrophobic surfaces and the oil-water separation efficiency by using
super-hydrophobic cotton fabric. Indranee et.al reported fluorinated
silyl functionalized zirconia synthesized using the Sol-Gel process to
create an extremely durable superhydrophobic coating on cotton
fabrics.The photocatalytic activity and chemical stability of TiO>
material facilitates the easy removal of the pollutants by ultraviolet
irradiation, and allows facile separation ability, enables it a robust and
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highly effective material for oil-water separation .The electrochemical
anodizing method for making porous TiOa.

Fluorinated compounds are expensive, toxic, non-
biodegradable and can easily be reacting with other materials and
harmful to human health. Therefore, superhydrophobic and
superoleophilic coated fabrics must be manufactured using fluorine
and chlorine-free precursors[117]. The wetting ability control on the
TiO2 nanostructure, the rate of change of wetting properties,
mechanical strength and UV stability should be carefully studied. The
durability of the coating under severe environmental conditions is also
an essential requirement for suitable application in oil-water
separation. In the present work we have focussed on the treatment of
water contaminated by oil which results from some industrial activities
such as oil production, oil delivery, oil refining and petrochemical
operation.

1.5. Objectives of the study

The aim of this research work is to investigate the efficacy of
titania hybrids for environmental applications, especially for removing
contaminants from water through various techniques and as protective
coatings on mild steel.

> To fabricate facile, low cost and environmentally benign anti-
corrosion Titania, PVA modified titania, and thiourea loaded
PVA titania coatings on mild steel, by dip-coating technique.
This is followed by characterization by Fourier Transform
Infrared Spectroscopy (FTIR), Field Emission Scanning
Electron Microscopy (FESEM), Energy Dispersive X-ray
Spectrometry (EDX) and Atomic Force Microscopy (AFM),
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Diffuse Reflectance Spectroscopy (DRS), X- ray Diffraction
(XRD) and Raman techniques.

Investigation of corrosion protection behaviour of these
coatings on mild steel in HCI and NaCl by using weight loss
study, EIS and polarization study, surface screening and kinetic
studies.

To synthesise titania and PVA modified titania and characterize
by various techniques.

Application of the prepared hybrids for adsorptive removal of
Methyl Orange and Methylene Blue dye and utilization as a
selective adsorbent for cationic dyes.

Synthesis of titania and titania silica nanocomposites through
modified sol-gel hydrothermal route. The structure, optical and
photo-catalytic properties were characterized by XRD, UV—Vis
spectra, FTIR, FESEM, Raman, TEM, XPS and BET and to
conduct photocatalytic degradation of BPA under visible light,
HPLC method LCMS method are also employed.

Modification of titania and titania-silica by HMDS
(hexamethyldinesilazane) and GPTMS and coating on fabric
through dip coating method characterized by FTIR, FESEM,
UV. To study oil-water separation experiment using as
prepared fabric.

Life’s most persistent and urgent question is, ‘What are you doing for
others?’

Martin Luther King Jr.
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Chapter 2

MATERIALS AND
METHODOLOGIES

2.1 Introduction

2.2 Materials

2.3 Experimental

2.4 Characterization Techniques

2.5  Applications of titania hybrid materials

2.5.1  Anticorrosion applications and electrochemical measurements
2.5.2  Water pollution remediation applications

Chapter 2 offers a brief overview of the different materials and methodologies
used for this research work.Various chemicals used in the analysis are
tabulated in this chapter. A detailed description of the experimental
methodologies adopted for the study is also outlined in this section. The most
important techniques used to characterize the selected materials have also
been included in this section. Application studies of the synthesized materials
aimed at are given towards the end of the chapter.




Materials and Methods

2.1. Introduction

The selection of appropriate materials and adopted
experimental conditions significantly contributes in deciding the extent
of solution to a research problem. The synthesis and characterization of
various nanomaterials is one of the major concerns of scientific
community.In order to solve various environmental issues, different
experimental procedures can be selectively opted.This chapter
describes the detailed experimental methods and characterization

techniques used for the present research work.
2.2. Materials

The list of chemicals used for the present work is listed in the
Table 2.1. All the chemicals used are analytical grade and are used as

received without any further purification.

Table 2. 1. List of chemicals used for the synthesis and application
studies

EL‘I Chemicals Formula Manufacturer
1 | Titanium Tetra Ethoxide Ti (OC2Hg)4 Spectrochem.
India Pvt.Ltd

2 | Ethanol C2HsOH Alfa Aesar

3 | Triethanolamine CsH1sNO3 Merck, India
4 | Poly Vinyl Alcohol (CoH40) Loba Chemie
Pvt.Ltd, India
5 | Thiourea SC (NHy): Merck, India
6 Hydrochloric acid HCI Merck, India
7 Sodium Chloride NaCl Merck, India
8 | Tetraethylorthosilicate Si (OCzHs)4 Spectrochem.
India Pvt.Ltd
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9 | Ammonia NH3 Merck, India
10 | acetic acid CH3;COOH Merck, India
11 | BPA (CH3),C(C¢H,OH), | Alfa Aesar
12 | Acetonitrile C,HsN Merck, India
13 | Terephthalic acid CsHsO4 Merck, India
14 | HMDS HN[Si(CHs3)3]- Merck, India
15 | GPTMS CoH2005Si Merck, India
16 | Methylene blue C16H18CIN3S Merck, India
17 | Methyl Orange C14H14N3NaOsS Qualigens, AR
grade
18 | Other organic solvents Merck, India,

2.3 Experimental
2.3.1 Synthesis of titania hybrid materials

2.3.1.1 Synthesis of titania sol

Titania sol was prepared using titanium ethoxide as precursor.
6 mL of titanium ethoxide was mixed with 50 mL of ethanol in a
beaker. 6 mL of triethanolamine was added drop wise into the beaker
followed by 15 minutes stirring using a magnetic stirrer. To this
reaction mixture 8 mL of distilled water was added drop wise and the
solution was further stirred for 2.5 hours at room temperature. Finally,
solution was left to react under stirring at room temperature for another
1 hour to obtain a homogeneous titania sol. The obtained sol was aged

for 1day before coating on mild steel.
2.3.1.2 Synthesis of titania —PVA sol

0.3 g of PVA is dissolved in 25 mL of water with stirring to

prepare homogenous solution at 70 °C. The cooled solution was added
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drop wise into titania sol followed by 1.5 hour of stirring at room
temperature in order to obtain titania-PVA hybrid. Then, 0.2 g and 0.4
g PVA was added to obtain different concentrations of titania—PVA
hybrid.

2.3.1.3 Synthesis of thiourea loaded titania-PVA sol

Thiourea doped titania-PVA nanocomposite was prepared
using the controllable sol-gel route by mixing two different
solutions.To incorporate thiourea in the matrix, 1 weight % of thiourea
added into the Titania—PVA composite. The mixture was then stirred
for 1 hour at room temperature to obtain TPNS sol. Then, 1.4 weight
% and 1.8 weight % of thiourea was added to obtain different

concentrations of thiourea loaded titania—PVA nanocomposites.
2.3.1.4 Fabrication of sol-gel coatings on mild steel

Mild steel specimens of composition (atom %): C (0.2%), Mn
(1%), P (0.03%), S (0.02%), and Fe (98.75%) were used as the test
specimens. The metal samples were cut in to 2 x 1.8 cm? coupons.
Before the measurements, the samples were rubbed with different
grades of emery papers (600-1200 grades) and cleaned as per ASTM
recommendations by washing with ethanol and distilled water. The
cleaned and dried specimen, was then coated by dip-coating technique
using a dip coater with a withdrawal speed of 10 mm / min and after
air — drying, the specimens were dried in an oven at 130 °C for 1 hour.

Then, the specimens were heat-treated in a muffle furnace from room
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temperature to 200 °C (5 °C /min) for 2hours. The fabrication

procedure of coatings on mild steel is shown in figure 2.1.

Coating fabrication

Steel substrate

Coated film
Dlp coating PuII
Steel substrate \

Sol gel film deposited on

steel
™ o
5 w |2
2| 3
g 5 |e
= 3 |&
2 o™ |9
) = -~
4
Porous film
T Calcination
100, 200 & 300 °C
S
<&

Steel substrate

Flgure 2.1. fabrication procedure of coatings on mild steel
2.3.1.5. Synthesis of titania-PVA adsorbent

The TiO: sol was obtained by hydrolysing titanium ethoxide in
presence of triethanolamine and anhydrous ethanol for 2.5 hours to
obtain homogeneous sol. The composition was [TEQ]: [EtOH]: [TEA]:
[H20] 1:30:1.5:16. After that 20 wt % PV A was added in the above sol
and the solution stirred for 1.5 h at room temperature in order to obtain
TiO2-PVA nanocomposite. After repeated washing with ethanol-water
mixture, the final product was dried in air oven at 130°C. Then, the
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nanocomposite was heat-treated in a muffle from room temperature to
200 °C (5 °C /min) for 2 hour.
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Figure 2.2. Titania-PVA nanocomposite
2.3.1.6. Synthesis of TiO2 and TiO2-SiO2 hybrid

Initially, the TiO2 sol was prepared using titanium ethoxide as
the precursor. Definite volume of titanium ethoxide was mixed with
absolute ethanol and acetic acid followed by 3 hours stirring in a
magnetic  stirrer.The volume ratio was [titanium ethoxide]:
[CH3COOH]: [EtOH] = 1: 1.87: 7.87. The obtained sol was subjected
to hydrothermal treatment at 150°C for 24 hours. The resultant mixture
was cooled in air and allowed to dry.Finally, mixture was subjected to
calcination (5 °C /min for 2 h) at 500 °C (T5), 600 °C (T6) and 700 °C
(T7).
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To synthesize TiO2-SiO2 nanocomposite

The SiO2 sol was obtained by  hydrolysing
tetraethylorthosilicate (TEOS) in the presence of acetic acid and
anhydrous ethanol. The ratio fixed at [TEOS]: [EtOH]: [CH3COOH]:
[H20] =1:9.47: 0.3: 4.

TiO2 sol was prepared as above said procedure. TiO2 and SiO;
sols have then mixed in a beaker by constant stirring at room
temperature for 1 h and subjected to hydrothermal treatment at 150°C
for 24 h. The molar ratio of [TiOz] : [SiOz] was maintained as 1:
0.35.The composite thus obtained was then allowed to dry and
subjected to calcination in a muffle furnace at temperatures 500 °C
(TSS), 600 °C (TS6), and 700 °C (TS7) for 2 h at heating rate 5 °C

/min.

2.3.1.7. Preparation of HMDS-GPTMS modified TiO2-SiO2
coating solution and fabrication of coating on cotton fabric

The synthesized TiO2>-SiO; hybrids were cooled and allowed to
dry followed by the addition of ag.NHz and mixed using magnetic
stirrer at room temperature for 1 hour, and allowed to change into gel.
To prepare the superhydrophobic hybrid of TiO>-SiO- gels, about 0.8¢g
of hybrid was mixed with 2.5g of HMDS in ethanol (1: 8 wt/wt ratio),
and the mixture was kept at 70° C for 20 hours in a closed container.
After that, the obtained hybrid gel was washed with ethanol to remove
excess free HMDS and dried at 70° C for 2 hours. HMDS-modified
hybrid TiO2>-SiO> gels (0.6 g) were dispersed in 1- propanol (8 mL) for
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about 20 min in an ultrasonic bath and to the mixture 0.1 g of GRTMS

was added and stirred for 30 min.

The cotton fabric used for coating was (cut in to a size of 5 cm
x 5 cm) washed several times with acetone, ethanol, and finally with
distilled water and dried before the dip-coating process. Cotton fabric
immersed in the solution using a dip-coater at a speed of 10 mm/sec,

dried at room temperature, and then cured at 120° C for 40 min.
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Figure 2.3. fabrication of superhydrophobic coating on cotton

fabric
2.4 Characterization Techniques
2. 4. 1. X-ray Diffraction Studies (XRD)

X-ray diffraction is a powerful non-destructive technique used
to study surface nanostructure, nanotexture, plane orientation and size
of the particles for a crystalline material. A crystal is a periodic three-
dimensional arrangement of particles. The distance between the

particles comes in the order of wavelength of X-rays. When X-rays
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falls on the sample they will be transmitted, absorbed, refracted,
scattered, and diffracted by the samples. The diffraction will occur
from the crystalline planes satisfying Bragg’s law (nA = 2dsin®).
Bragg’s law is used to explain the interference pattern created by the
X-rays by interacting with the nanomaterial[1]. The plane orientation
and the phase composition were determined by comparing the XRD
data with JCPDS data. By knowing the angle of diffraction and
wavelength of X-rays the crystalline properties of the material can be
studied. RIGAKU MINIFLEX-600 diffractometer with Cu
Ka (A = 1.5418 A°) scanned in the range at 26 10° to 80° at room

temperature.
2.4.2 Fourier Transform Infrared Spectroscopy (FTIR)

FT-IR spectrometer is used for quantitative and qualitative
analysis. Infrared (IR) region of electromagnetic spectrum is used in
FT-IR techniques to identify functional groups and other molecular
properties. When IR radiation is passed through the sample, some of
the IR radiations absorbed, transmitted and reflected by the sample.
The instrument records the transmitted and absorbed radiations as a
function of their intensity. The resulting spectrum reflects the
molecular finger print of the sample and there by different properties
of the sample can be studied[2]. JASCO FTIR-4100 spectrometer was
used to record FTIR spectra in the range of 4000-400 cm™. Attenuated
total reflectance mode is used to record FTIR spectrum using JASCO
FTIR- 4700 spectrometer equipped with ATR cell in the range of
4000-400 cm™. ATR-FTIR technique is a widely used technique to
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eliminate complex sample preparation and it can be used to measure

infrared spectrum of wide variety of solids and liquids directly.
2.4.3 UV-Visible Spectroscopy

UV-Visible spectroscopy highly recognized for the study of
the interaction of UV-Visible radiation with molecules. Depending on
the functional group present, different wavelength of UV-Visible
radiations are absorbed or transmitted. The absorbance is proportional
to the concentration and path length of the cuvette used. In UV-
Visible absorption spectra the intensity of absorbed radiation is
recorded as a function of wavelength absorbed. Jasco-V 500 UV-
Visible spectrophotometer in the range of 200-800 nm is used for

studying the optical properties of developed composites.
2.4.4 Photoluminescence Spectroscopy (PL)

Photoluminescence spectroscopy is a non-destructive method
to study the electronic structure of materials. When electromagnetic
radiation directed onto a sample, photoexcitation can occur. As a
result, high energy states become more populated. Eventually
reemission of absorbed radiation from the excited state to ground state
is occurred through photoluminescence process. By monitoring the
intensity and wavelength of reemitted radiation, valuable information
regarding the electronic structure of the molecule is obtained[3].
Fluorescence study was done using Agilent Technologies model Cary

Eclipse Fluorescence Spectrophotometer.
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2.4.5 Dynamic Light scattering (DLS)

Dynamic light scattering (DLS) is a common technique used to
study particle size, particle size distribution and zeta potential of
particles in colloidal suspension. In DLS the Brownian motion of
suspended particle relates to the size of the particles. There exist an
inverse relationship between size of the particle and Brownian motion.
Zeta potential measure the stability of colloidal system. HORIBA,
Zeta Sizer nano series was used to measure the zeta potential ({) at

room temperature.
2.4.6 Field Emission Scanning Electron Microscopy (FE-SEM)

FE-SEM is used for high resolution imaging of material surface
in nano scale dimension. High energetic electron (100 eV to 50 KeV)
is focused into a beam is used for the scanning of material surface.
Electron beam undergo different effect on interaction with the sample.
The different interaction and effects are monitored and transformed in
to an image using back scattered electron. The surface morphology of
the samples were examined by field emission scanning electron

microscopy (FESEM, Zeiss, Germany,)
2.4.7 Energy dispersive X-ray spectroscopy (EDS)

EDS analysis is used for the study of elemental composition of
a material imaged in a FE-SEM. Most of the elements are detected at
concentration on the order of 0.1%. X- rays will be generated when
high energetic electrons are passing through the surface of the

specimen. The energy of X-rays will be a characteristic of the element.
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The EDS detector collects the X-rays and identifies the element from
the known or computer generated standard to produce quantitative
analysis. The elemental analysis was performed with an Energy

Dispersive Spectroscopy (FESEM, Zeiss, Germany,)
2.4.8 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is used to study
morphology, size, size distribution etc. of nanomaterials. TEM uses
very high energetic electrons (100KeV-1MeV). These energetic
electrons are passed through the sample by means of condenser lens
system. Electrons will penetrate through the sample and get scattered.
The scattering of electron from the specimen determine the kind of
information generated. TEM has the ability to provide both image and
diffraction information of the sample. TEM images were recorded with
JEOL JEM-2100 transmission electron microscope. Very dilute
suspension of the sample is drop casted on carbon coated copper grid,

which was dried and used for imaging.
2.4.9 Atomic force microscopy (AFM)

AFM is an emerging technique used for imaging materials on
nanoscale. The surface images of the sample obtained by studying the
interactions between cantilever tip and sample surface. When the AFM
tip touches the sample, it can record the force between the probe and
the surface. The force can be measured using Hook’s law. AFM
analysis utilise three primary imaging modes: contact AFM, tapping

mode AFM and non-contact AFM. Atomic force microscopy (AFM)
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study of the samples was made by using APER-A-100 SPM in contact

mode.
2.4.10 X-ray photoelectron spectroscopic (XPS)

X-ray photoelectron spectroscopy (XPS) is a powerful method of
analysis for quantitative atomic composition study. The emission of
photoelectron from the sample is observed when it interacts with
monochromatic X -rays. The energies of photoelectron are
characteristic of the element present in the sample. XPS spectra is
obtained by plotting number of electrons verses binding energy. XPS
measurements were performed using Ultra axis Kratos Analytical, U.

K, XPS instrument with an Al Ka X-ray source.
2.4.11 BET Surface area analysis

The study of adsorption of gas molecules on the surface of
solid substrate is used for the determination of surface properties of
solid substrate. Surface area, surface energy, pore size, pore size
distribution etc. can be studied using BET theory of adsorption. BET
theory is an extension of Langmuir model of adsorption by considering

multilayer adsorption. BET equation can be written as

e e = [ N

Vtotal Vimono Vimono

where Viotal the volume of the gas adsorbed at pressure P and
vmono 1S the volume of the gas adsorbed when monolayer adsorption is
completed. P, the saturation pressure of the gas molecule and C is a

constant related to the enthalpy of adsorption in the monolayer. The
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plot of VL(PO—P) against Pi should be a straight line with
total 0

1 c-1

intercept [ = C and slope S =

mono mono

C. Thus from the slope and

intercept the value of vmeno and C can be evaluated and from this the
specific surface area of the solid adsorbent can be calculated by the
equation S = Vyono Na/m X 22400 m?gt. Where Na is Avogadro
constant, m is the mass of test powder in grams, 22400 is the volume
capacity occupied by 1 mole of gas at STP. The surface area and
average pore size were measured at —195.80 °C Bel SORP Max by

adsorption automatic analyser after degassing at 150°C.

2.4.12 Water Contact Angle

The angle formed between the outline tangent of the water drop
deposited on the substrate and the surface of the substrate is known as
water contact angle (WCA). Depending on the value of contact angle,
substrate can be categorized into four, hydrophobic (> 90°),
superhydrophobic (> 150 ©), hydrophilic (< 90°) and superhydrophilic
(<30°.  Surface contact angle Goniometer is the common instrument
used for measuring the contact angle. The WCA measurement is quite
helpful for evaluating the super-hydrophobicity of cotton fabric using a

static water contact angle Goniometer (DIGIDROP) instrument.
2.4.13TOC

TOC analysis is a common method used for quantitative

determination of organic carbon content in a sample. TOC of the
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degraded solution at different time interval was analysed through TOC
analyser ShimadzuTOC-L CPH

2414 HPLC

High-performance liquid chromatography (HPLC) is an
analytical method commonly used to separate and quantify
components of liquid samples. Concentration of BPA solution was
monitored by using Shimadzu Prominence HPLC system with binary

pump, PDA detector 25 x 5 mm C18 column.
2.4.15 Liquid Chromatography- Mass spectrometry (LC/MS)

LC-MS is an analytical technique which combines the physical
separation capability of liquid chromatography (or HPLC) with the
mass analysis capability of mass spectrometry (MS). The combination
of liquid chromatography with mass spectrometry (LC-MS) enables
the separation of nonvolatile, thermally unstable and polar dyes for
introduction into the mass spectrometer for identification. Intermediate
product analysis of BPA degradation was done by using LC/MS
method using ESI negative mode with instrument Waters (UPLC-

TQD) mass spectrometer.
2.4.16 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy is one of the powerful
techniques used for the investigation and prediction of the corrosion
process. EIS does not cause damage of the sample in comparison to
other electrochemical techniques; therefore it can be used in situ for
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long term evaluations[4]. EIS ordinarily works by applying an AC
potential to the sample by means of reference electrode, and then
measuring the current passing through the specimen using a counter
electrode. A potentiostat is used for applying the potential and
measuring the current. The impedance calculation is done with a
Frequency Response Analyzer (FRA), and the procedure is controlled
by Z zimp win software in a computer. The EIS spectra can be
displayed in different ways. In a Nyquist plot, the imaginary part of the
impedance, Z”, is plotted against the real part of the impedance, Z’.
The change in impedance spectrum due to the immersion in the
corrosive environment helps to understand the protective ability of the
developed coatings.[5] It is one of the most intensively used
techniques which can be used to model the physicochemical behavior
of coated substrates during corrosion test. AC impedance
measurements were carried out at Ecor values in the range from 0.1
Hz-10 kHz with amplitude of 10 mV using Gill AC potentiostat
(model number 1475).

2.4.17 Potentiodynamic polarization study (PDP)

Polarization curves have been widely used to predict the ability
of the metallic substrates to withstand harsh corrosive environments[6,
7]. Tafel studies are mainly involved in changing the potential of the
working electrode and monitoring the current that is produced as a
function of potential. In these measurements, both anodic and cathodic
polarizations are performed in a cyclic manner[8].For anodic
polarization, the working electrode becomes the anode by changing the
potential in the anodic direction forcing electrons to be withdrawn
from the metal being tested. But in cathodic polarization, electrons are
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added to the metal. As a result, the working electrode becomes more
negative.The variation of current with potential of a corroding
electrode is analysed by a plot of potential of standard calomel
electrode (SCE) vs logi whose slopes give the Tafel constants (Ba or
Bec) and the intercept gives the corrosion current (icorr). The corrosion
potential (Ecorr) and corrosion current (icorr) values are calculated
using Tafel extrapolation method.

2.5 Applications of titania hybrid materials

2.5.1.  Anticorrosion  applications and  electrochemical
measurments

Corrosion resistance properties of titania (T1 T2 T3), titania —
PVA (TPi, TPz, TP3), and thiourea loaded titania-PVA (TPNS;,
TPNS,, TPNSz)coating on mild steel were evaluated using, weight loss
study, electrochemical impedance spectroscopy (EIS) and
potentiodynamic polarization studies (PDP). EIS and PDS were
performed in HCI and 3.5wt % NaCl solution using Gill AC
Potentiostat (model number 1475). A three-electrode cell assembly
was used for electrochemical measurements, with platinum as a
counter electrode and saturated calomel as the reference electrode.
Either bare metal or coated metal was used as a working electrode.

2.5.1.1. Weight loss study

Previously weighed coated mild steel samples were immersed
in 1M HCI for 24, 48, 72 and 98 hours. After exposure, the metal was
taken out from the acid and the corrosion products were removed by

rubbing and cleaned as per ASTM recommendations, by washing with
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ethanol and distilled water, and dried, cooled and weighed. The same
procedure was repeated with bare mild steel sample and the inhibition
efficiency (IE) was calculated using the equation (1)

Wo-W
Wo

The percentage efficiency, IE = x 100 Q)

where Wy and W represents the weight loss corresponding to uncoated
and coated MS. The coated samples immersed in 1M HCI solution for

70 days and at a regular interval. The weight loss was measured.

2.5.1.2 Electrochemical Impedance Spectroscopy and Polarization
Study

A conventional three-electrode electrochemical cell consists of
a working electrode, a saturated calomel electrode (SCE) as a reference
electrode and a platinum electrode as a counter electrode was used.
Electrochemical impedance spectroscopy (EIS) and polarization
measurements were performed using a Gill AC computer controlled
work station (model no. 1475) in a frequency range from10 kHz to 0.1
Hz. The coated mild steel or bare mild steel specimens were used as a
working electrode, and the exposed area was approximately 1.0 cm?.
EIS measurements were performed at an open-circuit potential (OCP)
using a sine wave of 10 mV amplitude peak to peak. The impedance
data have been fitted to an appropriate equivalent circuit.The Tafel
plots were obtained by changing the electrode potential automatically
from —250 mV to +250 mV at the OCP at a scan rate of 60 mV/min.
Inhibition efficiencies were determined from corrosion currents
calculated by the Tafel extrapolation method. Corrosion parameters
were measured after reaching steady state.
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All the experiments were repeated thrice so as to confirm the
accuracy of the attained results. The percentage of protection efficiency
(PE) was calculated from charge transfer resistance using equation (2)

PE 9% = 2eCFet 5 100 )
Ree
where Rct and Rg; represents the charge transfer resistance for the

bare and coated mild steel samples.

The polarization behaviour was studied at a scan rate of 1
mVs! and a scan range of—250 mV to +250 mV. The percentage of
protection efficiency (PE) was calculated from corrosion current
density using equation (3)

PE (%) = cerr—tcorr 5 100 3)

Corr

where I, and Iy represents the corrosion current density of the

blank and coated mild steel.
2. 5. 2 Water pollution remediation applications

The synthesized hybrid systems such as titania, titania-PVA (T,
TPVA), TiOz; TiO2-SiO2 (Ts,Te, T7,Ts; TSs, TS TS7 TSs) and HMDS-
GPTMS modified TiO>-SiO2 (HGTS) were employed as remediation
materials for effective removal of contaminants from water resources.
A detailed procedure of dye removal (adsorption), organic pollutant
removal (photocatalysis) and oil-water separation (superhydrophobic

cotton fabric) were explained as follows.
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2.5.2.1. Dye removal through adsorption
The dye removal experiment was conducted at room

temperature in a batch system. In a typical experiment, 35 ppm 50 mi
of MB solution was used. Adsorption parameters like temperature, dye
concentration, pH, and adsorbent dosage were investigated. Solution
pH is varied over a range from 3-9 by adding NaOH and HCI.The
required amount of nanocomposite was added to the solution and was
stirred for a particular period of time. The composite was separated
from the MB solution through centrifugation (750 rpm). The
concentration of dye solution was determined using JASCO UV - Vis
spectrometer at 670 nm in a definite time interval. The amount of
methylene blue adsorbed per unit mass of the adsorbent at equilibrium,
dge (Mg g) and the amount of dye adsorbed per unit mass of the
composite, gt (mg g?) at time t, were measured by the following

equations,

ge = (Co—Co) (4)

= (Co—C)r (5)
The percentage dye removal and adsorption capacity of hybrid

nanocomposite was calculated using the equation

% removal = (C"C—_Ct) x 100 (6)
0

Adsorption capacity = (Cy — Ct)% x 100 (7)
where C, is the initial dye concentration (mg L? ), C: is the dye
concentration at time t (mg L' ), Ce is the equilibrium dye
concentrations in the solution, V is the volume of dye solution used
(L), and W is the weight of the polymer composite used (g). All
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experiments were performed in triplicate, and the mean value was
reported.

2.5.2.2. Selective Adsorption of Cationic Dye from Dye Mixture

The selective adsorption experiments were performed in the
mixture of MO and MB. Typically, 0.075g of TPVA nanocomposite
was added to 30 mL of dye mixture at room temperature. The initial
concentrations of MB and MO are both 35 ppm. The residual dye
concentration in the solution was determined by UV—Vis

spectrophotometry.

2.5.3. Photocatalytic removal of Bisphenol A (BPA)
2.5.3.1 Evaluation of photocatalytic activity

Photocatalytic activity of the nanocomposite was assessed by
the photodegradation of BPA under visible light irradiation. 0.05g of
catalyst immersed in 35 ppm BPA solution. The solution was
maintained in the dark to reach adsorption-desorption equilibrium.
BPA solution was irradiated by 500 W halogen lamp at a distance of
11 cm from lamp. The intensity of light was measured using Lutron
LX-107- HA lux meter and was found to be 85000-95000 Lux. In
order to maintain a constant temperature throughout the progress of
reaction a constant supply of ice-cold water was provided. The samples
were withdrawn at regular intervals of time, and the concentration of
the remaining BPA was measured by recording its concentration using
HPLC analyser after filtering the solution through a 0.22 um nylon
membrane.

% degradation efficiency = @ x 100 (8)
0
where C, is the initial concentration and C, is the final concentration of
BPA.
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2.5.3.2. Monitoring BPA concentration

High performance liquid chromatography (Shimadzu
Prominance HPLC) was employed to monitor the concentration of
BPA.Separation was achieved on a 25 x 5 mm C18 column. The
mobile phase consisting of 80:20 acetonitrile: UPW the flow rate was
set to 1 mL/min, and the injection volume was 20 pL. Detection was
achieved through PDA detector. The wavelength of the excitation was
280 nm and the emission wavelength was 305 nm. The solution was
subjected to TOC (TOC analyser TOC-L CPH, Shimadzu) and LC/MS
(Waters UPLC-TQD mass spectrometer) using negative ESI mode to
determine intermediate degradation products and mineralization rates
in the solution at definite time intervals.

2.5.3.3. Intermediate reactive species determination

The radical trapping agents added to the solution before
degradation experiment to evaluate the contribution of h*, s<OH, O and
O>"produced during the visible-light irradiation process. Potassium
iodide (KI) was added to determine the participation of holes (h*),
tert.butanol (tBuOH), was added to recognize hydroxyl radical (¢*OH)
influence, sodium azide (NaNz) and benzoquinone (BQ) as oxygen
(O2) and super oxide radical (O2™) scavengers. The concentration of
scavengers maintained as constant (0.5 mol/L).

2.5.3.4 Measurement of hydroxyl radical content using florescence
spectra

50 mL of 0.1 M terephthalic acid solution (dissolved in NaOH)
and 0.05g of the photocatalyst was added to the solution in a 100 mL
beaker. The reaction mixture was stirred continuously under visible
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light. Samples were collected at regular time interval and were
analysed by fluorescence spectrophotometer at 432 nm to measure the
hydroxyl radical produced during reaction. Photocatalytic activity of
the nanocomposite was assessed by the photodegradation of Bisphenol
A under visible light as mentioned in 2.5.3.1.

2.5.4 Superhydrophobic cotton fabric for wettability control-
Application in oil-water separation

2.4.4.1 Oil-water separation

We have conducted oil water separation experiment to
investigate the oil separation property of the coated fabric using simple
filtration experiment. In this study n-hexane/water, toluene/water,
chloroform/water, hexadecane/water, dichloromethane/water and some
other oils like coconut oil, olive oil, sunflower oil were taken and to
identify water from the mixture colored with methyl orange dye. The
coated cotton fabric was placed in a funnel as a filter membrane. Oil-
water mixture (1:1 v/v) was taken in a beaker and the mixture was
poured slowly onto the cotton fabric. The experiment was repeated for
all oil-water mixtures up to 15 cycles. The WCA measured after
filtration process and further the oil-water separation efficiency was
calculated in each case.

2.5.4.2. Durability and stability of the as-prepared super-
hydrophobic fabric

The mechanical durability such as tensile strength, abrasion
resistance and washing durability of the coated fabric (CF) were
examined. The repeated tear test assessed with an adhesive tape. In this
test, the cotton surface was pasted onto an adhesive tape, and then it
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was peeled off. The test on a coated sample was repeated 10 times and
corresponding WCA after test was measured. Abrasion resistance was
investigated by the sand paper abrasion test. A 600-800 grade sand
paper was used. The coated fabric was placed on the sand paper facing
on the surface and dragged forward along one direction maintained 20
cm distance and repeated several times. The stability was analysed by
WCA measurement. The durability of the coated fabric against
washing was done in 0.38 % soap water with magnetic stirring with a
rotation speed of 850 rpm for 10 min at 40°C. The fabric was rinsed
with pure water and dried under atmospheric conditions, durability
assessed by measuring WCA after repeated wash cycle. The tensile
strength of the coated fabric (CF) and uncoated fabric (UF) were done.
Chemical stability of the super-hydrophobic coatings, under harsh
environmental conditions like exposure to acidic, alkaline, salty
solutions have also done. The ultraviolet irradiation stability was done
by placing in an UV chamber, equipped with four 16 W ultraviolet
lamps. The distance between the UV light source and the sample was
approximately 8 cm. Chemical and UV stability experiments were
done up to 72 hours and the contact angle of the CF was measured
every 24 hours

Living is worthwhile if one can contribute in some small way to this endless
chain of progress.

Paul Dirac
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This chapter is divided in to two parts; Part A deals with the discussion of
characterization and application of titania, PVA titania and thiourea loaded titania
PVA hybrid as anticorrosive protective coatings on mild steel in HCI media and Part
B deals with the study of above mentioned coatings in NaCl media. The coatings on
mild steel have been developed via sol-gel dip-coating method. This simple, facile
and eco-friendly method has great potential to replace environmentally hazardous
chromate conversion coatings. Moreover, the modified coatings on metal offers
attractive protection efficiency on extending the exposure period in HCI and NaCl
media for several days, which is far superior to the conventional sol-gel coating
which losses efficiency day by day. The protective layer on the surface of the metal
offering significant physical barrier against the attack of corrosive species from HCI
and NaCl.
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PART A
3.1. Introduction

Many disasters have resulted from the corrosion of metallic
surfaces and usually, corrosion of metals occurs in an environment that
can be considered as an electrolyte. Electrolytes encountered in
corrosion are usually liquids containing dissolved ionic species[1, 2].
Acid solutions are generally used for removal of undesirable scale and
rust on the metals, cleaning of boilers and heat exchangers, oil-well
acidizing in oil recover and so on. The rate of metal dissolution caused
by the acidic media is quite high [3].The World Corrosion
Organization evaluated an annual cost of around $2.4 trillion
expenditure worldwide [4].Considering the safety of human life,
environment, for many decades, protection of metal was undertaken
using hexavalent chromate species and the same is being replaced
widely with more environmentally benign materials [5-7]. But it is
essential to find most economical and feasible method to be applied for
practical uses. Mild steel is one of the most commonly used materials
in various chemical industries owing to its low cost, good tensile
strength and availability, but corrosion of steel is a fundamental
academic and industrial concern[8, 9]. It is estimated that 20% of
world steel production is lost each year in the form of rust. The
application of coatings is the most common strategy to protect metals
from corrosion [10].Corrosion behavior of sol-gel coatings has been
extensively studied on mild steel substrates [11, 12]. The design and

fabrication of flexible nontoxic materials are urgently needed to meet
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the demands of industry specially to protect the corrosion prone
materials from aggressive environments. Development of these
materials in a convenient and inexpensive manner together with their
potential utilization in various fields is very much desired. Due to their
scratch-resistance, sound proofing, abrasive, or preventive properties,
the coatings obtained by the sol-gel method could be used as protective
coatings [13].Thus the production of eco-friendly sol-gel coatings to
prevent corrosion on metallic substrates was one of the emerging areas
of application, competing with conventional chromate and phosphate

coatings [10].

In the literature, some oxide coatings with very low electronic
conductance such as TiO2, SiOz, Al20s, ZrO;, or mixed oxides
composite coatings on metals to improve their surface properties have
been reported as corrosion protection agents[11, 14, 15]. Metal oxide
sol gel coatings are very attractive because they possess good thermal
and electrical properties and they are more resistant to wear, erosion,
corrosion and oxidation in aggressive environments.TiO> and its
modifications have attracted scientists as an excellent anti-corrosion
material due to its fascinating properties. They can be used as
functional materials such as protective layers on metals surface to
improve the wear and corrosion resistance[16, 17]. The application of
sol—gel based titania and hybrid coatings over the metallic surface, is a
promising method [18, 19] to protect the metal and has the potential to
replace the hexavalent chromate coating. Sol-gel process allows the
introduction of organic moiety like polymers into the TiO. matrix

easily.Recently HongjunKan etal was fabricated a novel
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nanostructured TiO2 mesh membrane by a simple electrochemical
anodization and heating process which showed anticorrosive ability
[20]. Normally sol-gel pure titania coatings develop surface defects on
prolonged exposure which may lead to decreased efficiency of
protection [21]. However, because of changes in the mechanical
properties, pure inorganic sol-gel coatings during their service of life
are susceptible to undergo cracks deep within the structure. The cracks
propagate and expose the substrate to atmospheric moisture and
oxygen, finally leading to the failure of the coatings. The inorganic-
organic hybrid materials forming a set of composites in which the
organic part improves the adhesion of coating on metal surface, while
inorganic part increases the hardness and the scratch resistance
property of the coating [22]. The surface treatment based on sol-gel
technology forms a promising strategy of fabricating a coating with the
ability to tailor the metal oxide-polymer interface, which is capable of
protecting the surface [23-30]. Also, the physical, chemical, and
thermal properties of the hybrid material are superior to pure
polymeric or inorganic oxide. Recently many studies have focused on
eco-friendly titania based organic/inorganic nanocomposite films [29].
Researchers applied numerous measures to enhance the barrier
performance and corrosion protection properties of titania using
inorganic organic hybrid materials, however, most of these methods

are cumbersome.

Due to the outstanding properties of  polymers like
epoxy,polypropylene, polyethylene etc for protecting metal substrates

from environmental and corrosion attacks they have been widely

63



Synthesis, Characterization And Corrosion Studies of Titania Nano Hybrids

used[31]. Yongxing Zhang et.al developed epoxy composite coatings
filled with silane functionalized silicon nitride and applied to protect
Q235carbon steel from corrosion. The main constituent of majority of
works reported using epoxy coatings are based on Bisphenol A.
However, due to toxic and carcinogenic nature of the bisphenol-based
epoxy coatings, the use of these coatings has been extremely restricted.
PVA[32, 33] being a green inhibitor with excellent properties such as
film forming, emulsifying and adhesion can be utilized as eco-friendly
material for corrosion protection of mild steel.Moreover, mixed titania
- PVA layers deposited on mild steel substrate via sol-gel technique
increase the bridge effect between organic-inorganic phases. Many
experiments revealed the proper corrosion inhibition properties of
PVA on the steel surface [34]. Strawhecker and Manias have identified
the corrosion inhibitive performances of the poly vinyl alcohol [35].
Recently novel multifunctional catalysts of PVA based nanocomposite
membranes have been developed via an ecofriendly and self-
assembled process for catalytic applications in waste water
treatment[36]. Luo et al reported that the design of poly vinyl alcohol
have been utilized to functionalize graphene oxide (GO), shows
potential to improve the mechanical and chemical properties of
GOI[37].

Due to the prolonged exposure, or change of pH, defects occur
often in the hybrid sol-gel coatings. To solve this problem, corrosion
inhibitors as healing agent have been introduced into sol-gel coatings.
Sol-gel hybrid coatings permit the impregnation of additives such as

corrosion inhibitors because of their porous nature [38, 39]. The
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combining effect of polymer and corrosion inhibitor executes long
term protection of metal from corrosion. To date, many corrosion
inhibitors have been introduced sol-gel coatings to increase the
corrosion resistances of the coatings [40-43]. In addition to inorganic
inhibitors, organic corrosion inhibitors are also added into the sol—gel
matrix.Thiourea and its derivatives, with two nitrogen atoms and a
sulphur atom, serve as potential corrosion inhibitors [43, 44]. These are
mainly used as addition agents in industrial operations such as
pickling, descaling, cleaning etc. The efficacy of thiourea and its
derivatives in preventing the corrosion of aluminium, steel and copper
has been reported [45-47].

Many Studies carried out to use polymer/TiO2 composites as
corrosion resistant material for many metals other than mild steel
substrates. Xiaokun Cui et.al investigated the anticorrosion ability of
the PDMS/TiIO2 composite coating on the AA 2024 (An alloy of
aluminium). Long-term immersion tests on the coating have been
performed and the findings have shown that the coating still has a
protective effect on aluminum after 40 days of immersion[48].Balaji
et.al have made attempts to form smart/intelligent, corrosion resistant
nanocomposite coatings through sol-gel process by self-assembly
method. Chitosan-doped-hybrid/TiO> nanocomposite based sol-gel
coating exhibited better protection for the corrosion resistance of
aluminum metal in 3.5% NaCl[49]. Based on these concepts herein we
develop titania, by an in-expensive green modifier PVA, eco-friendly
corrosion resistant titania- PVA nanocomposite, thiourea doped titania-
PVA flower like hierarchical nanocomposite protective coatings on
mild steel. The protecting ability of as prepared coating on mild steel
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in 1M HCI and in 3.5 wt% NaCl solution was determined. Usually, the
pH of 3.5wt% NaCl is around 5.8 at room temperature [50]. The
presence of chloride ions promotes rapid attack of metallic substrate in
neutral aqueous solutions and even higher in acidic solution due to the
extensive localized attack.

3.2. Results and discussion
3.2.1. Characterization of T, TPVA and TPNS coatings
3.2.1.1 Fourier Transform Infrared Analysis (FTIR)

Figure. 1 shows the FTIR spectra of T2, TPVA2 and TPNS3
coated on mild steel at 200 °C. Pure T consists number of peaks and
shows a broad peak in the range of 500-900 cmassigned to the
stretching vibration of Ti-O and bending vibration of O-Ti-O and Ti-
O-Ti [51]. The peak at 487 cmis attributed to Ti-O stretching [52].
This peak is shifted to the range 400-700 cm™for TPVA; and TPNS;3
coated samples vouched for the introduction of PVA in the TiO2, and
confirmed the cross-linked structure of the hybrid nanocomposite. The
band at 570 cmtin three samples could be due to Fe-O-Ti stretching
[53]. This showed the excellent adhesion of sol-gel coating on mild
steel substrate through Fe-O-Ti bond. The broad band at 1070 cm*was
assigned for C-O-H bond and the absorption band at 1629 cmcould
be due to the bending vibration of H-O-H in the samples [52, 54]. The
bands near 778 & 508 cmcorresponding to C-N and NCN stretching
[45]. The additional bands at 3274, 3360cmcorresponding to NHz, N—
H stretching appeared in TPNS3 coating [36]. The peak at 620 cm*due
to Fe-N (NCS) stretching vibration and 702 cm™ attributed to C-S
stretching vibration for TPNS3 coated sample [45]. This confirmed that
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thiourea doped in to the coating. The peak in the range 1300-1460 cm™
was observed due to the C-H deformation and the anti-symmetric and
symmetric C—H stretching of methylene groups are observed
respectively at 2931cm™ and 2860 cm™[55-57]. This clearly indicates
the presence of a remarkable number of organic groups on the surface
of theTPVA: and TPNS3z sample. These observations clearly indicated
the presence of hybrid sol-gel coating on mild steel. The spectra
consist of a broad band at 3380 cm™ corresponds to O-H stretching
vibration of hydoxyl group of PVA and titania.

— C

—B

transmittance(Arb.unit)

1 1 1 1 1 1 1
3500 3000 2500 2000 1500 1000 500

wavenumber(cm™)

Figure 1.FTIR spectra of A) T2, B) TPVA2 C) TPNS3 dried at 200 °C
3.1.2.2. X-ray diffraction (XRD) Studies

The X-ray diffraction (XRD) is a powerful method for the
investigation of coatings. XRD patterns of T, TPVA: as well
andTPNS3 coatings on mild steel and corresponding dried washed
powder are shown in Figure 2. The major peaks obtained for T» coating
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on mild steel at 20 equal to 25.53°, 38.07 °, 48.36 °, 54.59 °, 62.88 °
from the planes (101), (103), (200), (105), and (213) respectively. The
major peaks obtained for TPVA: coating on mild steel at 20 equal to
25.45 °, 38.25 °, 48.23 °, 54.59 °, 62.88 ° from the planes (101), (103),
(200), (105), and (213) respectively. TPNS3 possess peaks at 20 equal
to 25.68 °, 38.11 °, 48.40 °, 54.54 ° and 62.87 ° from the planes (101),
(103), (200), (105) and (213) respectively. These results are in
accordance with the data base (JCPDS No 75-1537) showing the
presence of complete anatase phase of titania in the coating on mild
steel for both samples.
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Figure 2.XRD spectra of A) a) T2 and b) TPVA: ¢) TPNSz coating on
mild steel dried at 200 °C and B) corresponding powder sample.

3.1.3.3. UV absorbance spectra

The diffuse reflectance spectra of the prepared samples are
shown in Figure 3. The strong absorption in the 200-400 nm region is
the characteristic peak of TiO2 which confirms the presence of TiO; in

the coating. Although all samples have broad absorption in the UV/Vis
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range, the absorption edge of TPVA, and TPNSsz sample in figure
clearly exhibits a red shift and the same indicates the reduction of band
gap of the material due to the presence of PVA and thiourea in the
coating. The bandgap energy of T2, TPVA; and TPNSs3 coatings
calculated from Tauc plot are 2.4 eV, 2.1 eVand 1.8 eV respectively.
The mixing of p orbital of non- metal elements in thiourea molecule
with the 2p orbital of O in titania could reduce the band gap energy of
TiO2 [54]. The lower value of band gap energy would render good
inhibition efficiencies since the energy to remove an electron from the
highest occupied orbital(HOMO) will be minimized [57].

absorbance(Arb.units)

T T T T
300 400 500 600
wavelength(nm)

Figure 3.UV-Vis spectra of a) T, and b) TPVA; ¢) TPNSz dried at 200
°C inset Tauc plot of TPNS sample

3.1.3.4. FT Raman Analysis

Raman spectroscopic technique also used to confirm further the
formation of titania and its phase transformations. The Raman spectra
of the T, TPVA, and TPNS3 powders are shown in Figure 4.The
anatase phase and the rutile phase have different Raman active modes
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[58]. The four peaks shown by each sample are due to the anatase
phase. Anatase peaks were identified at values of 144, 395, 514 and
639 cm™ [59]. The results of Raman spectroscopy are consistent with
XRD data.

intensity (Arb.Unit)
Intensity (Arb.Unit)

T T T T T T
0 1000 2000 3000 4000 0 1000

raman shift(cm™) Raman shift(cm™)

Figure 4.FT Raman spectra of a) T> and b) TPVA> ¢) TPNS3 coating
on mild steel dried at 200 °C and B) corresponding powder sample.

3.1.3.5. SEM /EDAX Analysis

Figure 5 shows FESEM image of T2, TPVAzand TPNS3 coated
mild steel. It is clear that there are visible cracks for T, coating which
results for the corrosion of mild steel on prolonged use. There were no
cracks on the TPVA2 and TPNSz coated mild steel surface. The
TPVA;, TPNSs; nanocomposite exhibit flower like hierarchical
distribution and are uniformly covered over the entire surface. The
coated surface is more homogeneous and there are no pores and it is
difficult to enter water or other ions responsible for corrosion of mild
steel. These types of compact arrangement of particles results in better
surface coverage, strength and toughness which resist nucleation,
extension of micro cracks, and other corrosive ingredients through
coating which was delayed. The self-healing ability developed by the
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incorporation of thiourea inhibitor in toTPVA: and reduces penetrable
damage of localized corrosion. Rough morphology of particles ensures
their good adherent nature to the coating matrix and their shape
guarantees stable storage of thiourea inhibitor. The stable adherent
nature of the coating contributed to a large extent in the protection of
mild steel from corrosion.Although the EDAX spectra don’t supply
information about chemical state of these elements, we can expect that
Ti present as oxides and some additional peaks of C and N are also
present which could be due to the presence of organic part in the
reagents; oxygen is also present in organic polymers as hydroxyl (—
OH) groups or oxides from TiO,. The basic coating contains Ti along
with Fe peaks which show that the steel specimen covered with
titanium oxide. The presence of N and S along with Ti in TPNS3
coated sample indicates the presence of thiourea in the coating as
shown in Figure 5.

3.1.3.6. Surface Characterizations after Corrosion test

To observe the morphological changes on the mild steel surface
during the corrosion process, FESEM/EDAX studies were carried out.
Mild steel specimens were screened after 70 days of exposure in 1M
HCI. FESEM micrographs of TPNS3 coated mild steel samples after 70
days immersion in 1M HCI solution is shown in Figure 5.The results of
% weight loss obtained during this period for TPNS3 coating is shown
in the Figure 8. The enhanced corrosion protection of TPNSz coating
on mild steel was mainly due to the presence of hybrid PVA-titania
and electron donating nature of thiourea molecule. This forms stable
protective layer on the metal surface and offer significant physical

barrier against the attack of corrosive ions.
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Figure 5.FESEM image of a) b are b)T,, ¢ - e)TPVA, f-g)TPNS3
coated on mild steel at different magnification and EDAX image of h)
bare and i) T2 and j) TPVA2 and k) TPNSs coated on mild steel

As evident from FESEM in Figure 5, before coating the mild steel
surface shows cracks and the surface was self-healed after TPNSs
coating even after it is immersed in 1M HCI for many days.Although
the coating was exposed in acid solution for long period of immersion,
the protective layer is intact. Corresponding EDAX spectra after long
term immersion are shown in the Figure 6. The spectrum shows

additional lines, demonstrating the existence of Ti and N for samples.
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It is clearly seen that even after 70 days of exposure, mild steel surface

get protected with the titania coating.

Figure 6.FESEM image of a) the damaged mid steel surface b)
TPNS;z coating on mild steel and ¢) EDAX spectra immersed in 1M
HCI after 70 days d)The damaged mid steel surface e) TPVA: coating
on mild steel and f) EDAX spectra immersed in 3.5wt % NaCl after40
days

3.1.3.7. AFM Analysis

The 3D AFM images showing the surface topography of
coatings are represented in Figure 7. The root mean square (rms)
surface roughness value obtained from the images for bare mild steel,
T> , TPVA: , and TPNS3 coated samples are 0.23 pm, 0.4 pum, 0.28
pm,and 0.33 pum respectively. The AFM surface analysis of coatings
compared to bare mild steel reveals that the addition of nanoparticles

into the matrix leads to increase in surface roughness. This is
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understood as the existence of nanoparticles into mild steel matrix
hinders the free movement of the AFM tip [60]. The TPNSs and
TPVA: coated mild steel surface was found to be spiky in nature

favors the flower like surface obtained from FESEM image.

r 0.28 pm

r 0.00 pm

¥: 10.0 ym

x: 10.0 ym

Figure 7 AFM image showing the surface topography a) bare mild
steel b) T2 and c) TPVA: d) TPNSzcoatings on mild steel

3.3. Corrosion studies in HCI media

3.3.1. Weight loss study results

Weight loss technique being the oldest, easiest and most reliable
method is considered as the “gold standard” corrosion testing. After
each regular intervals of time,1,4,8,12,16,upto 70 days the metal was
taken out from the acid, rubbed and cleaned as per ASTM
recommendations, washed with ethanol and distilled water, cleaned,
dried and weight loss was measured. Weight loss results of TPVA; and
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TPNS3 coatings to 70 days with T coating is given in Figure. 8 A. The
TPVA; and TPNS3z coating on metal surface do offer attractive
protection efficiency on extending the exposure period in 1M HCI to
70 days, as evident from the weight loss studies, which is far superior
to the conventional sol-gel coatings which losses efficiency day by
day. The percentage weight loss of TPV A coating from 5 to 40 days is
below 30% and reaches upto 50% after 70 days. For TPNS3 coatingthe
weight loss is below 10% up to 40 days and increased up to 25%
weight loss is after 70 days. The EDAX of TPNS3 coated specimen
immersed in 1M HCI for 70 days is given in figure 8 B.
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Figure 8.A) Weight loss results of a)T> b) TPVA: and c)TPNS3 (inset:
bare mild steel in 8 days) and B) EDAX of TPNS immersed in 1M
HCI for a period of 70 days
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3.3.2. Electrochemical Impedance Spectroscopic (EIS)

measurements

The electrochemical method is an efficient and convincing tool
for analyzing the corrosion behavior of metals. While EIS techniques
are used to estimate the electrochemical interactions between the metal
surface and electrolyte solution, DC techniques are used to provide
details on corrosion rate and pitting susceptibility and to determine the
electrochemical process of the cell [61].

The coating resistance or impedance varies according to
applied frequency and the responses are presented as Nyquist and
Bode plots. To determine the impedance parameters for bare and
modified samples the corresponding equivalent patterns in HCI are
fitted with Zsimp Win software. The experimental EIS data for bare
samples are well fitted by the equivalent circuit pattern in Figure 9. In
this Rsol, Q1, and Re respectively denotes the electrolyte resistance,
electric double layer capacitance, and charge transfer resistance, and
the equivalent circuit pattern for modified samples are well fitted in
Figure 9 b. Among them, Rso, Re, Q2,Cai, and Rcro represents the
electrolyte resistance, coating resistance, coating capacitance, double
layer capacitance and charge transfer resistance at the substrate/coating
interface in corrosion regions respectively. The pictorial representation

of corrosion mechanisms is shown in the Figure 9 ¢ and Figure 9 d.
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Figure 9.Proposed Equivalent circuit model and corrosion
mechanisms for a) &c) bare b) &d) modified samples.

After data fittings, the obtained impedance parameters and
corresponding plots are presented in Tables (1,2,3) and Figure
(10,11,12).The general shape of the curves is very similar for all
samples and only one capacitive loop appears for each of the samples.
The shape of the capacitive loops suggests that the charge transfer
controls the corrosion of mild steel at Ecorr[62].Larger capacitive loops
are observed for the coated samples compared to the bare mild steel
substrate. The capacitive loop is supposedly linked to the EIS response

of the corrosion process occurring at the titania or titania-PVA-
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thiourea mild steel interface. From the charge transfer resistance
obtained by fitting an equivalent circuit, inhibition efficiency was
calculated by the equation

IE %= SeRet 100 )

Ct
where Rctand R, represents the charge transfer resistance for the bare

and coated mild steel samples.

The charge transfer resistance (Rct) is able to yield information
regarding the rate of the corrosion process occurring at the metal
substrate beneath the coating.An analysis of the data presented in
Table(1,2,3) shows that, the values of Q decreased while the values of
protection efficiency increased.Further inspection of the data shows
that the wvalues of Cq decreased while inhibition efficiency
increased.Usually, the uniform and thick coatings behave as an
insulator with high resistances and low capacitances,the Cq values
were decreased, this decrease in Cgq values could be resulted from a
decrease in local dielectric constant and/or an increase in the thickness
of the electrical double layer. The presence of a single semicircle in the
Nyquist plots indicates that the corrosion process of T2, TPVA; and
TPNS3 coatings include a single time constant.

3.3.2.1. Effect of electrolyte concentration on corrosion behavior

The effect of electrolyte concentration 0.5M, 1M,1.5M of HCI
solution on coated samples were investigated. From the data in Table 1
and Figure. 10, it can be concluded that coated sample in 1M solution
exhibits better corrosion resistance than others. It is really expected

that the efficiency decreases on increasing acid concentration. But in
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1M HCI solution the inhibition efficiency is higher compared to 0.5 M

solution and thereafter decreases towards 1.5M as shown in Table.

Z"(ohm.cm™)

Z"(ohm.cmg?)

100

80

604

40

20

704

60 1

50 1

404

304

20 1

104

104

[ ] LI
y''y R ; 100
A v B ° b
v’ v ¢ ¢
vy
v v v d a0 vy Vy v d
v v
\/
M < - v
v v g 60 ¢ v
v v : v
0990,
v L . % " 'v
A\
W J Vo Tl v v
0 [ v N v v
e v
. v
. y
204
T T T T T T
0 50 100 150 200 250 04
" -1 T T T T T T T T T T T T
Z{ohm.om”) 20 40 60 80 100 120 140 160 180 200 220 240 260
Z/(ohm.cm?)
-400
vvy n g
v A ° D
C v v
v ¢
v v v d —a
v v b
v v
v v S —C
v v —d
v v E 450
v v T
v 8
v v €
v 2
<
o

0

T T T T T T T T
20 40 60 8 100 120 140 160 180 200

Z'(ohm.cm?)

-500 4

T T T T T T T T T T
20 0 20 40 60 80 100 120 140 160 180 200
time (s)

Figure 10. Nyquist plots for a) bare mild steel b) T. ¢) TPVA: d)
TPNSzin A) 0.5 M HCI B) 1M HCI and C) 1.5M HCI D) Open circuit
potential (OCP) against time curves a) bare mild steel b) T c) TPVA:
d) TPNSs coating in 1M HCI solution on mild steel at 35°C.
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Table 1 Electrochemical impedance parameters for T,, TPVA: and
TPNS3 coatings on mild steel for different concentration of electrolyte

S(E;Ig;ple Cg?(;i?ér(?\/lu;) : Rs(Qcm?) | Q(uF/cm?) | Re(Qem?) | Cdl(uF/cm?) | Ret(Qem?) I(VIOE

Bare 0.5 1.8 695 - - 15.7

mild 1 3.85 876.74 - 1.77

steel 15 0.92 1258 - - 6.8
0.5 1.9 267.3 29.88 49.52 130 88.53

T 1 3.24 311.5 26.17 68.35 102.9 92.44
15 2.9 342.2 8.9 60.9 88.80
0.5 21.9 296.9 23.2 154 222.7 91.60

TPVA; 1 1.8 167 22.5 5.4 191.5 95.94
15 11.6 373.8 17.5 6.57 121.1 94.30
0.5 3.99 119.6 50.5 6.8 266.3 94.10

TPNS; 1 3.81 113.15 78.12 7.31 254.3 97.00
15 2.5 137 20.5 3.66 173.3 96.10

3.3.2.2. Effect

behavior

of drying temperature of coatings on corrosion

For comparison, the effect of drying temperature at 100°C,
200°C and 300 °C of coated samples were investigated in 1 M HCI

solution. From the data in Table 2 and Figure 11, it is clear that coated

sample dried at 200°C shows better corrosion resistance than others.

The Re values obtained for coated samples first increases from

temperature 100°C to 200°C thereafter decreases towards 300°C as in

Figure 11. The decrease in Rt as well as efficiency above 300°C may

be due to the degradation of organic part from the surface.
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Figure 11Nyquist plots of a) bare mild steel b) 100°C c) 200 °C  d)
300° CA) T2; B) TPVA; C) TPNS; coated on mild steel in 1M HCI

Table 2 Electrochemical impedance parameters forT, TPVA: and
TPNS3 coatings on mild steel for different drying temperature

Sig]d%'e tenf;l‘;;’:ﬁi'eo(?c) Rs(Qem?2) | Q(uF/em2) | Re(Qem2) | Cdl(uF/em2) | Ret(Qem2) 'O/E

Bare

mild 3.85 876.4 ; - 7.77

steel
100 3.85 450.2 12.32 73.8 96.8 | 92.04

T 200 3.24 3115 26.17 68.35 102.9 | 92.44
300 1.91 581.3 4.15 105.8 817 | 90.50
100 1.82 110 424 25.52 1835 | 95.40

TPVA, 200 18 167 125 22.4 1915 | 95.94
300 3.42 216.3 16.1 26.96 1274 | 93.90
100 3.44 197.0 39.61 9.46 230.4 | 96.66

TPNS: 200 3.81 113.15 78.12 731 2543 | 97.00
300 4.32 237.1 28.81 29.22 1775 | 9562
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3.3.2.3.Effect of PVA loading in TiO2 coatings on corrosion behavior

From the Figure 12, it was found that as the weight of PVA
increases from 0.2 g to 0.3 g an increasing tendency of Rct value was
observed while further addition of 0.4 g leads to decrease in Rct
value. It can be inferred that there is an optimum amount for beneficial
effects of loading PVA on corrosion resistance, while higher loading
percentage of PVA in the sol-gel coating leads to the formation of a
fragile film with poor barrier properties. It can be concluded that, the
increasing of defects and cracks will be negatively affected on the
formed sol- gel layer[11]. So that an optimum amount (0.3 g) of PVA
in titania has chosen for thiourea loading.

3.3.2.4. Effect of thiourea loading on corrosion behavior

The data in Table 3 and Figure 12 B also showed that,
protection efficiency was increased with increasing the thiourea
loading whereas, Cai values were decreased. From Figure 12 it is clear
that the inhibitor thiourea in titania-PVA enhances the efficiency to a
great extent. As the amount of inhibitor in the nanocomposite
increases, the efficiency also increases. At a concentration of 1 w %
thiourea efficiency is 96 % and increases to 96.8% at 1.4 w% and
further addition of thiourea (1.8 w%) will not increase the efficiency
significantly (97%) and the inhibitor limit is reached in the composite.
Corrosion inhibition efficiency for different coatings is in the order
TPNS1 < TPNS2 = TPNS. This means the corrosion protection property
is depend on the composition of coatings. It can be inferred that there
is an optimum percent of thiourea loading for beneficial effects on the
corrosion resistance. Thus, the results of the study reveal that the
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addition of thiourea causes considerable increase in the corrosion
inhibition potential of titania -PVA sol-gel coating by preventing the
electrolytic diffusion. Ordinarily, the coating materials have to save the
metal substrate from the corrosive medium by forming a complete
separation barrier and no electrochemical reaction occurs at the coating
— mild steel interface. These results were affirmed by SEM studies
which discussed earlier.Bode plots (frequency vs phase angle) of
coated samples having different drying temperatures and compositions
are shown in Figure 12 C. The plots of all coated samples show
onetime constants indicating the formation of a dense and uniform
coating on the mild steel surface. Hence it is evident that the T and
TPNS coatings offer substantive charge transfer resistance in 1M HCI.
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Figure 12. Nyquist plots for A) a) bare mild steel b) TPVA; c) TPVA;
d) TPVA3z B) a) bare mild steel b) TPNS; c) TPNS; d) TPNS3C)
Frequency vs phase angle plots for a) bare mild steel b)T2 ¢) TPVA: d)
TPNS3z coated on mild steel dried at 200°C in 1M HCI
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Table 3 Electrochemical impedance parameters forT,, TPVA: and

TPNS3 coatings on mild steel for different PVA and thiourea loading

Sample code Rs(Qcm?) | Q(uF/cm?) | Re(Qem?) | Cdl(uF/em?) | Ret(Qem?) | IE %
Bare mild steel 3.850 876.4 - - 7.77

T 3.24 311.5 26.17 68.35 102.9 92.4
TPVA; 1.2 218 11 26.9 128 93.9
TPVA; 1.8 167 125 22.4 1915 95.9
TPNS; 7.8 198 14.06 25.7 130.4 93.5
TPNS; 5.37 148 43.02 13.64 197 96.0
TPNS, 4.25 143 53.24 7.12 246.3 96.8
TPNS; 3.81 113 78.12 7.31 254.3 97.0

3.3.3. Potentiodynamic polarization study (PDS)

PDS gives useful information on various corrosion parameters
such as corrosion current densities (lcorr), Tafel constants (Ba and PBc)
and corrosion potential (Ecorr) [63]. Figures 11&12 shows the results of
potentiodynamic polarization parameters calculated by the Tafel
extrapolation method and Table 4&5 gives the corresponding

electrochemical parameters.

As can be seen from the Table 4& 5, the Tafel constant Ba iS
related to the dissolution of metal which occurs at the anodic region
and B¢ is associated with the reduction of oxygen taking place at the
cathodic region [64]. The random change in both Ba and B¢ values
indicates the blocking of anodic and cathodic active sites by the
coating of nanocomposite over the mild steel surface. There is a drastic
decrease in lcorr Value for TPVA2 and TPNS3 coatings, when compared
to those of bare and T coatings. This confirms the protection of the

metal surface from corrosion by the coated material.
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The corrosion inhibition efficiency was calculated using the equation

IE 9 = ‘o =lcorr 5 10 2)

Corr
where I and Ico represents the corrosion current density of the

blank and coated mild steel.

From the data in Table 4 and Figure 13, it is clear that coated
sample dried at 200°C shows better corrosion resistance than others.
The .o values obtained for T> TPVA> and TPNS3z coated samples
show declining trend from temperature 100°C to 200°C and thereafter

increases towards 300°C.
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Figure 13. Tafel plots for a) bare mild steel b) 100°Cc) 200°C d)
300°C A) T2 B) TPVA;C) TPNS;coated on mild steel in 1M HCI
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Table 4 Potentiodynamic polarization parameters for T, TPVA: and
TPNS3 coatings on mild steel for different drying temperature

Sample Calcination IE
temperature | -ECorr(mV) | ICorr(mA/cm?) | Ba(mV/dec) | Pc(mV/dec)
code %
_ (-0)
Ba;feg;"d 4555 231 171.84 222.56

100 474.17 0.280 95.32 150.61 87.8

T 200 416 0.211 167.45 143.27 90.9
300 450.78 0.323 101.56 100.36 86.0

100 460 0.148 96.25 142.8 93.5

TPVA; 200 492 0.13 93.63 157.65 94.4
300 448 0.212 100.2 110.8 90.8

100 473.2 0.138 87.34 167.16 94.0

TPNS3 200 495.2 0.087 132.04 139.03 96.2
300 410 0.154 107.92 84.86 93.3

Also, from the data in Table 4 and Figure 14, it is clear that
coated samples show better corrosion resistance than others in 1M HCI
solution. The I, values obtained for T,, TPVA2 and TPNS3 coated

samples decreases from 0.5M to 1M HCI thereafter increases towards
1.5M.
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Figure.14. Tafel plots for a) bare mild steel b) T> ¢) TPVA2 d) TPNSs
inA) 0.5M HCI B) 1M HCl and C) 1.5M HCI
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Table 5 Potentiodynamic polarization parameters for T2, TPVA2 and
TPNSscoatings on mild steel for different electrolyte concentration

S‘Z‘g:jpe'e Congi?ér(?w“;’” of | Ecorr(mv) | ICom(mA/em?) | Ba(mVidec) | Po(mVidec) |0/|0£
Bare 05 469 1.5 186.9 210

mild 1 4555 231 171.84 222.56
steel 15 443 2.5 162.5 183.8

0.5 474.1 0.280 9532 15061 | 87.8

T, 1 416 0.211 167.45 14327 | 90.9

15 450.7 0.323 101.56 10036 | 86.0

0.5 468 0.1888 1114 124.7 84.8

TPVA; 1 492 0.13 93.63 157.65 | 94.4

15 467 0.2664 1185 1914 89.4

0.5 4732 0.138 87.34 167.16 | 94.0

TPNS: 1 495.2 0.087 132.04 139.03 | 96.2

15 410 0.154 107.92 84.86 933

potential(mV)

The data in Table 6 and Figure 15 also showed that, protection

efficiency was increased with increasing the PVA and thiourea

loading. It can be inferred that there is an optimum percent of PVA and

thiourea loading for beneficial effects on the corrosion resistance. As

the amount of inhibitor in the nanocomposite increases, efficiency also

increases as evident from 1., Vvalues obtained. The data of

polarization measurements were on line with the same acquired from

EIS.
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Figure 15. Tafel plots for A) a) bare mild steel b) TPVA; ¢) TPVA: d)
TPVA3 B) a) bare mild steel b) TPNS; ¢) TPNS> d) TPNSs coated on
mild steel in 1M HCI
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Table 6 Potentiodynamic polarization parameters for T., TPVA2 and
TPNS3 coatings on mild steel for different PVA and thiourea loading.

Sample code | -ECorr(mV) | ICorr(mA/cm?) | Ba(mV/dec) | Pe(mV/dec) 1E%
Baremild | 455 5 2.31 171.84 22256
steel

T2 416 0.21 167.45 143.27 91.0
TPVAL 458 0.16 98.2 108.8 93.1
TPVA2 491 0.13 93.63 157.65 94.4
TPVA3 411 0.19 110 134.2 91.8
TPNS1 492 0.128 98.27 153.57 94.5
TPNS2 473.2 0.089 53.356 96.18 96.2
TPNS3 495.2 0.087 132.04 139.03 96.20

Thus from the EIS and PDP studies, it is confirmed that the

thiourea-loaded titania-PVA nanocomposite coating enhances the

protection ability of mild steel in 1M HCI compared to titania-PVA

nanocomposite and bare titania.

3.4. Conclusions

>

Novel, facile, low cost and environmentally benign anti-
corrosion coatings titania,titania-PVA nanocomposite and
titania-PVA nanocomposite with thiourea inhibitor were
fabricated on mild steel, by dip-coating technique and

compared.

The structure and morphology of coatings confirmed by ,
Fourier Transform Infrared Spectroscopy (FTIR), Field
Emission Scanning Electron Microscopy (FESEM), Energy

88



Synthesis, Characterization And Corrosion Studies of Titania Nano Hybrids

Dispersive X-ray Spectrometry (EDX) and Atomic Force
Microscopy (AFM), DRS, XRD and Raman techniques.

The corrosion protection behavior of these coating for mild
steel in 1M HCI was evaluated by using weight loss study, EIS

and polarization study.

FESEM shows that thiourea and the modifier PVA results the
cracked bare titania coating to a flower like hierarchical
distribution all over the surface of mild steel. AFM analysis
revealed that the surface was found to be spiky in nature with

surface roughness root mean square (rms) value of 0.33 pm.

From AFM, EDX FTIR, FESEM, XRD, UV absorbance
spectra clearly indicated the presence of hybrid sol-gel coating

on mild steel.

Effect of drying temperature at 100°C, 200°C and 300°C on the
corrosion protection nature of coated samples was analyzed.
The coating dried at 200°C exhibit maximum corrosion

protection ability.

Corrosion studies of coatings conducted in different acid
concentration 0.5 M, 1 M and 1.5 M and maximum corrosion

inhibition efficiency is achieved in 1 M HCI.

Effects of PVA loading in TiO. coating on corrosion
efficiency have investigated. 0.3 g of PVA is found to offer
better beneficial effects on corrosion resistance, while higher
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loading percent of PVA in the sol-gel coating leads to the
formation of a fragile film with poor barrier properties. It can
be concluded that, the increasing of defects and cracks will be

negatively affected on the formed sol— gel layer.

The results of the study reveal that there is an optimum (1.8
w%) of thiourea loading for beneficial effects on the corrosion

resistance and increase the efficiency significantly to 97%.

Furthermore, TPNS coating offer excellent corrosion protection
to mild steel coupons immersed in 1 M HCI solution for 70
days, which is far superior to the efficiency of conventional
coatings. The T coating on mild steel surfaces on the other

hand losses its efficiency day by day.

Once localized corrosion occurs on the mild steel surface,
simultaneous action of thiourea inhibitor from the composite
results to form a compact molecular film with titania and PVA
on the damaged surface and inhibiting corrosion spread and

executing a self-healing function
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Part B

3.5. Corrosion inhibition studies in 3.5 wt% NacCl solution

3.5.1. Electrochemical impedance spectroscopic studies

The EIS results obtained could be simulated by numerical
fitting with Zsimp Win software using the best fit equivalent circuits as
shown in Figure. 16 a and b. The experimental EIS data for bare
samples are well fitted by the equivalent circuit pattern in Figure 16 a.
In this Rs, Q1, and Rt respectively denotes the electrolyte resistance,
electric double layer capacitance, and charge transfer resistance.The
equivalent circuit pattern for modified samples are well fitted in Figure
16 b. Among them, Rs, Re, Q2, Quai, and Rer2 represents the electrolyte
resistance, coating resistance, coating capacitance, double layer
capacitance and charge transfer resistance at the substrate/coating
interface in corrosion regions respectively. In these circuits, constant
phase elements (CPE) have been used instead of pure double layer
capacitance (Qa), because of the non-ideal character of the

corresponding response[50].
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Figure 16 Proposed equivalent circuit model and corrosion
mechanisms for a) & c) bare b) & d) modified samples

Rct was inversely proportional to the pores and defects in the
coating. The Rct is used to indicate the ease of reaction with the metal
when the corrosion medium reaches the metal surface. The larger the
charge transfer impedance, the more difficult it is to react. Qa was
formed by two layers of dissimilar charges on the surface[48] . The
OCP plots are shown in the Figure 17. Nyquist plots are shown in
Figures 18 A B C and D. It has been clearly found that the proposed
circuit is well fitted with the EIS plot. A large Rct value indicated a
strong resistance against corrosion in the aggressive medium. The Rct
value of all coated samples are higher than bare metal which accounts

for the barrier property of coating.
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Figure 17 Open circuit potential (OCP) against time curves in 3.5 wt%
NaCl solution for a) a) bare mild steel b) T> c) TPVA2 d) TPNSs3
coating on mild steel at 35°C.

3.5.1.1. Effect of PVA loading on corrosion behavior

It can be seen from Figure 17 and Table 7 that the coating
resistance and charge transfer resistance of coated mild steel
substrates, gradually increased with increasing concentration of PVA.
A high Rct (3.2 x 10* Q cm?) and low coating capacitance
(112 pF/cm?) value was obtained by TPVA, coating in comparison to
other coated samples and the corresponding IE (%) was found to be
98.6. The result revealed that the increased loading of PVA from 10 to
20 w% in the TiO> matrix led to higher corrosion protection
performance of the hybrid coatings with impedance modulus 2.15 x
10% to 3.26 x 10* Q cm? but thereafter for 30 w% PVA (1.45 x 10* Q
cm?) decrease in IE (%) was observed. The order of the corrosion
inhibition efficiency is as follows: TPVAi1< TPVA>>TPVAs. It can be
inferred that there is an optimum amount for beneficial effects of PVA
loading for corrosion resistance, while higher loading leads to the
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formation of a breakable film with poor barrier properties. It can be
concluded that the increasing of defects will be negatively affected on
the sol— gel layer formed [11]. So, the optimum is fixed as 20 w% of
PVA in TiO2 which gives higher protection efficiency. Bode plots are
shown in Figure 18 D. For coated samples unlike bare mild steel, one
time constant was not observed.
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Figure 18. Nyquist plots for A) a) bare mild steel b) T> ¢) TPVA: d)
TPNS; (inset bare mildsteel) B) a) bare mild steel b) TPVA: ¢) TPVA;
d) TPVAz C) a) bare mild steel b) TPNS; ¢) TPNS; d) TPNS3
D) Frequency Vs phase angle plots for a) bare mild steel b) T2 c)
TPVA, d) TPNS;coated on mild steel dried at 200 C in 3.5 wt% NacCl
medium at 35 °C

3.5.1.2. Effect of thiourea loading on corrosion behavior

The data in Table 6 and Figure 18 also showed that, protection
efficiency was increased with increasing the thiourea loading whereas,
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Qai values were decreased. From Figure 18 it is clear that the presence
of thiourea in titania-PVA enhances the efficiency to a great extent. As
the amount of thiourea in the nanocomposite increases, the efficiency
also increases. At a concentration of 1 w% thiourea efficiency is 98.6
% and increases to 99.5% at 1.4 w% and further addition of thiourea
(1.8 w%) the efficiency reaches to 99.8%. Corrosion inhibition
efficiency for different coatings is in the order TPNS; < TPNS; <
TPNS3. Thus, the results of the study reveal that the addition of
thiourea causes considerable increase in the corrosion inhibition
potential of titania -PVA sol-gel coating by preventing the electrolytic
diffusion.

Table 7 Electrochemical impedance parameters for blank mild steel
substrate coated with To, TPVA 2 and TPNS 3 composite in 3.5 wt%
NaCl medium at room temperature

Sign dF;Ie Rs(Qcm?) | Q(uF/cm?) | Re(Qem?) | Qdl(uF/cm?) | Ret(Qcem?) IO/IOE
Ba;tee?l"d 1.25 458 - - 447

T2 22.5 275 76 9.85 8642 94.8
TPVA; 24.8 198 339.7 3.86 21548 97.9
TPVA; 2.26 112 190.2 2.28 32600 98.6
TPVA; 5.46 134 145.2 444 14587 96.9
TPNS; 37.44 94.6 83.4 0.732 32620 98.6
TPNS; 6.97 51.3 196.3 0.234 51568 99.5
TPNS3 37.56 35.2 226.1 0.128 91390 99.8

3.5.1.3. Long term immersion study

Corrosion inhibition efficiency of TPVA, and TPNSz coating
on mild steel in 3.5w% NaCl for 10, 20, 30 and 40 days were
investigated and the obtained impedance parameters were displayed in
Figure 17 and Table 6. As shown in Figure 19 and Table 7 during the 1
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h — 15 days of immersion, the impedance modulus value was reduced
significantly. During 15-40 days of immersion, very small amount of
corrosion products occurred. As the immersion time went by, the
electrolyte solution penetrated into the coating, making the
anticorrosion effect of the coating reduce a little and the impedance
modulus value come to be lower. Despite this, it has been found that
after 40 days, the immersion efficiency was 92.8% and 96% for
TPVA: and TPNS3 samples suggesting better protection of coating.
The corresponding FESEM and EDAX spectra were shown in Figure
4. Results of the study revealed that both coatings offer excellent long-
term protection for mild steel in NaCl. But the decrease in efficiency of
TPNSz coatings is much lower compared to TPVA?, suggesting
excellent durability of TPNS3 coating in NaCl. The inhibitor thiourea

enhances the corrosion resistance of TiO2 —PVA composite.
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Figure 19 Nyquist plots of A) TPVA: B) TPNS3 a) blank mild steel b)
after 15 days c) 30 days d) 40 days immersed in 3.5 wt% NaCl
medium at 35°C.
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Table 8 Electrochemical impedance parameters for blank mild steel
substrate coated with TPVA2 and TPNS3 in 3.5 wt% NaCl medium at
room temperature during long term immersion study.

Sample 2 9 2 2 » | 1E
code Rs(Qcm?) | Q(uF/ecm?) | Re(Qcem?) | QdI(uF/cm?) | Ret(Qem?) %
Blank

lodays | 389 576 ; ; 259
Blank

Soays | 1465 619 ; ; 188
Blank

sodays | 89 654 ] ] 102

TPVA; | 33 68 188 616.4 287 6937 | 96.3

15 days

TPVAz | 4 96 221 196.3 3.92 3044 | 938

30 days

TPVA2 | 1004 275 244.9 4.88 1431 | 928

40 days

TPNSs | 5/ 5 146 986 1.45 16480 | 98.4

15 days

TPNSs | 4o g 174 695 2.22 9895 | 98

30 days

TPNSs | 45 g 103 398 2.95 4125 | 973

40 days

3.5.2. Potentiodynamic polarization study

Polarization curves have been widely used to predict the ability

of the metallic substrates to withstand harsh corrosive environments

[64]. Potentiodynamic polarization curves of coated and bare mild

steel samples recorded after 60 minutes of immersion in 3.5w% NaCl

are presented in Figure 20. Both cathodic and anodic polarization

curves were significantly shifted to lower current densities for all

coated samples as compared to the bare mild steel.

The
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electrochemical parameters such as corrosion potential (Ecorr),
corrosion current density (lcorr), corrosion rate (CR), protection
efficiency (IE%), anodic and cathodic Tafel slopes (Ba, Bc) derived
from the polarization curves by the extrapolation of the bare and

coated mild steel substrates are summarized in Table 8.

Higher dissolution of metal ion results in increased corrosion
current density (lcorr) which is directly proportional to the corrosion
rate. The Icorr value is notified to be 0.2164 mA/cm? for mild steel
substrate. As illustrated in Table 8, the Icorr value is decreased for all
TPVA and TPNS coated mild steel compared to T and bare mild steel.
The decreased corrosion rate confirms that coating reduces the contact
between metal and electrolyte and consequently reduces the corrosion
rate. The Icorr value decreases, corrosion rate decreases for TPVA>
and TPNSs coatings. This decrease in corrosion rate could be due to
the strong bonding nature and chemical inertness of the protective
coating. The Icorr value of TPVAs coating has increased when
compared with TPVA: conforms that an optimum quantity of PVA
loading is required for the beneficial effects on corrosion resistance.
Among the three coatings, TPVA: coated mild steel shows lower Icorr
value (0.0056mA/cm?) thus exhibiting a better corrosion resistance.
The IE (%) obtained for TPVA{, TPVA2, and TPVA3 are 95.1, 97.4,
and 96.2% respectively.
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The hybrid coating consists of PVA, TiO> and thiourea
enclosed system with excellent barrier properties that obstruct the
electrolyte penetration and thereby protect the metal from corrosion
damage. At a concentration of 1 w% thiourea efficiency is 98.6 % and
increases to 99.5% at 1.4 w % and on further addition of thiourea (1.8
w%) the efficiency reaches to 99.8%. The trends of the results of
polarization studies were found to be similar to those of the EIS
studies.
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Figure 20 Tafel plots for A) a) bare mild steel b) T2 ¢) TPVA: d)
TPNS3 B) a) bare mild steel b) TPVA;1 c) TPVA: d) TPVA3 C) a) bare
mild steel b) TPNS;: ¢) TPNS, d) TPNS3z coated on mild steel dried at
200°C in 3.5 wt% NaCl medium.
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Table 9 Potentiodynamic polarization parameters for bare mild steel
substrate coated with T>, TPVA2 and TPNS3 composite in 3.5 wt%
NaCl medium at room temperature.

Sample -Ecorr lcorr IE % Ba Be
code (mV) (mA/cm?) (mV/dec) (mV/dec)
Bare mild 652 0.2164 65.3 119.9
steel
T2 625 0.0128 93.8 128.8 72.9
TPVA1 727 0.0105 95.1 31.9 140.8
TPVA2 832 0.0056 97.4 56.7 101.6
TPVAS3 774 0.0081 96.2 41.9 129.2
TPNS1 702 0.0041 98.1 81.6 98.6
TPNS2 818 0.0032 98.5 79.9 112.4
TPNS3 729 0.0024 99.2 132.2 85.2

3.5. 2. 2. Long term immersion study

Figure 20 B corresponds to the Tafel plots of TPVA;, and

TPNS3 coated samples exposed in NaCl over time interval of 15, 30

and 40 days. For bare mild steel lcor recorded at 0.3054 mA/cm? as

seen from Table 9. When coated sample immersed in electrolyte for 40

days, the Icorr and corrosion rate decreases, and thereafter the Icor

value and corrosion rate increases. The coatings saved the metal from

the corrosive medium by forming a barrier at the metal surface through

which the movement of ions responsible for corrosion is restricted and

hence the corrosion rate decreases.
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Figure 19 Tafel plots of A) TPVA: B) TPNS3 a) blank mild steel b)
after 15 days c) 30 days d) 40 days immersed in 3.5 wt% NaCl

medium coated on mild steel at 35°C.

Table 10 Potentiodynamic polarization parameters for blank mild steel
substrate coated with TPVA2 and TPNS3 in 3.5 wt% NaCl medium at
room temperature during long term immersion study.

Sample lcorr IE Ba Be
code -Ecorr(mV) (mA/cm?) | % | (mV/dec) | (mV/dec)
Blank 15 648 0.3054 79.2 1155
days
Blank 30 702 0.3098 95.9 1008
days
Blank 40 664 0.4959 106.2 124
days
TPVA: 624 00128 | 958 | 857 985
15 days
TPVA, 828 0.0228 94.2 78.5 1185
30 days
TPVA, 678 00321 | 935 | 69.7 108.2
40 days
TPNSs 15 779 0.0058 97.7 85.7 98.5
days
TPNSs 30 696 00097 | 975| 785 1185
days
TPNS; 40 691 0.0195 96 69.7 108.2
days
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3.6. Corrosion protection mechanism

The probable mechanism of coating on mild steel surface is
shown in Figure 16. Titanium ethoxide, after the completion of
hydrolysis and condensation reactions a sol-gel network of Ti-O-Ti
bonds are formed. Titania surface having large amount of OH groups
on their surface thus enabling covalent bond among the components
through condensation reaction. The obtained hybrid titania -PVA is
capable of obtaining good adhesion to metallic surface via chemical
bonding. To improve the protection ability of titania- PVA hybrid,
thiourea was incorporated in to the hybrid which is electron donating
in nature. The dopant added viz., thiourea gets impregnated, and on
coating over metal it attaches itself to the metallic surfaces through the
N atoms [50]. The enhanced protection efficiency attributed to well
adhesion of sol-gel coatings on mild steel surface could be due to the
formation of M-O-Ti and electronic interaction of N-M bonds. These
results are consistent with the FTIR results.

mild steel
/

— —n

Figure 21. Pictorial representation of proposed coating mechanism on
mild steel substrate
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3.7. Conclusions

The corrosion protection behavior of the coatings on mild steel
in 3.5 w% NaCl was evaluated by using EIS and polarization methods.
Effects of PVA loading and thiourea loading on corrosion protection
have also done. The results of the study reveal that PVA and thiourea
loading increase the inhibition efficiency in NaCl. Among these
TPVA:; and TPNS3 coatings shows maximum corrosion protection to
mild steel coupons immersed in 3.5 w% NaCl solution. TPVA; and
TPNS3 coatings offered excellent protection efficiency up to 40 days,
which is greater than the efficiency of conventional coatings. Without
the incorporation of epoxy resins like adhesive materials TPVA, and
TPNS3 hybrid materials with excellent barrier performance could be

coated on metal surface.

We must not wait for things to come, believing that they are decided by
irrescindable destiny. If we want it, we must do something about it.

Erwin Schorodinger
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Abstract

A stable, thiourea doped titania—poly vinyl alcohol (PVA) hybrid nanocomposite anticorrosion coating on mild steel has
been developed via sol—gel dip-coating method. For comparative studies, bare titania sol-gel is coated over mild steel and
evaluated using electrochemical methods. To investigate structure and morphology of coating, fourier transform infrared
spectroscopy (FTIR), field emission scanning electron microscopy (FESEM), energy dispersive X-ray spectrometry (EDX),
X-ray diffraction (XRD), UV absorbance spectra, and atomic force microscopy (AFM) techniques were employed. Effect of
drying temperature of coated samples at 100, 200 and 300 °C on the corrosion protection nature was analysed. The coating
dried at 200 °C exhibit maximum corrosion protection ability. Thiourea at 1, 1.4, 1.8 wt% were incorporated into titania—
PVA hybrid nanocomposite and the corrosion protection ability of these sol-gel coatings were evaluated by weight loss,
impedance spectroscopic studies (EIS), and polarization measurement in 1 M HCI solution. FESEM shows that thiourea
and the modifier PVA results the cracked bare titania coating to a flower like hierarchical distribution all over the surface of
mild steel, AFM analysis revealed that the surface was found to be spiky in nature with surface roughness root mean square
(rms) value of 0.33 um and exhibit better corrosion resistance in 1 M HCl solution. The results of the study reveal that there
is an optimum (1.8 wt%) of thiourea loading for beneficial effects on the corrosion resistance and increase the efficiency
significantly (97%).This simple, facile and eco-friendly method has great potential to replace environmentally hazardous
chromate conversion coatings. Moreover the modified coating on metal offers attractive protection efficiency on extending
the exposure period in 1 M HCI to 70 days, which is far superior to the conventional sol-gel coating which losses efficiency
day by day. The protective layer consists of a compact structure of hybrid PVA—titania and electron rich thiourea molecules
on the surface of the metal offering significant physical barrier against the attack of corrosive ions from acid solution.
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KEYWORDS Abstract The production of eco-friendly hybrid sol-gel coatings for long term protection of metal-
Nanocomposite; lic substrates from aggressive environments was one of the emerging areas. competing with conven-
Hybrid material; tional chromate and phosphate coatings. Herein, a nanocomposite has been synthesized from TiO»
: and PVA through a novel sol-gel route and the structure and morphology of the same was charac-
PVA; terized using X-ray diffraction, FTIR, UV-Vis spectroscopy, FESEM with EDAX., and AFM stud-
Corrosion inhibition ies. The flower-like structured composite offers excellent corrosion protection properties in NaCl

solution of sea water salinity. Impedance and polarization studies were carried out to monitor
the anticorrosion performance of the materials coating. This coating on mild steel offers 98% inhi-
bition efficiency in NaCl. The influence of loading PVA on Ti0O, and its effect on corrosion effi-
ciency have also been investigated. It is found that an optimum weight of 20 wi% PVA is
required in the composite for beneficial corrosion resistance. 92% inhibition efficiency is registered
by the coated MS in NaCl solution after 40 days of exposure and is quite encouraging compared to
many of the recent reports. The Ti<0O-Ti, and Fe-Ti-O linkage along with compactness and adher-
ence of the material together contribute to better blocking of steel corrosion.
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This chapter discusses the characterization and application of inorganic -
organic hybrid nanocomposite containing TiO; and PVA. Through a simple
and practical method, we could achieve a very high surface area and high pore
volume hybrid. The compositeshows remarkably enhanced adsorption
capacity for cationic dye, methylene blue (MB) from a mixture of methylene
blue and methyl orange (MO) mixture and thus utilised as a selective
adsorbent for cationic dyes. The MB adsorption on hybrid was investigated
under various experimental conditions.
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4.1. Introduction

Water contamination due to dyes considered as one of the hot
topics of research. Most of the industries such as textile, paper printing
and pulp, rubber, plastics, leather, cosmetics, etc use dyes to colour the
product synthesized in their domain[1]. The total dye consumption in
the textile industry worldwide is more than 1000 tonnes/year and
approximately100 tonnes/year of dyes is discharged in to the water
streams. These are being one among the important recalcitrant, allow
for long distances in flowing water, inhibits photosynthetic activity,
retard the expansion of aquatic biota by obstructing sunlight
penetration and utilizing dissolve oxygen and decrease the recreation
value of stream[2]. Conventional methods of water treatment such as
coagulation [3], chemical precipitation [4], ozonisation [5], membrane
filtration[6], and reverse osmosis are not effective in removing colour
from waste effluent. Chemical and electrochemical oxidations and
coagulation are generally not feasible in large scale industries due to
their high cost and other issues. In contrast, an adsorption technique is
by far the most versatile and widely used. It has been found to be
superior to other techniques in terms of flexibility, simplicity of
design, ease of operation, initial cost, insensitivity to toxic pollutants
and does not produce harmful substances [7].Activated carbon is an
effective material for the dye removal from waste water but in
industrial processes, it was restricted due to its high operational and
investment costs[8]. The current research is focused on the need to
develop a cost effective and potential alternative to commercial

activated carbon. Factors that influence the adsorption efficiency
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include adsorbate-adsorbent interaction, adsorbent surface area,
adsorbent to adsorbate ratio, adsorbent particle size, temperature,
pHI[9, 10] etc.

In recent years, nano-porous particles [11] especially titanium
oxide (TiO) [12-14], Fe3O4 [15], ZnO [16] and their composites have
generated considerable interest due to their nontoxicity, physical and
chemical stability, regular pore structure and uniquely large specific
surface area and high catalytic efficiency [17-20]. TiO: is reported to
possess a high adsorption capacity and the literature reports that
modifications of TiO. enhances the surface area by controlling the
growth of crystallites and gives higher porosity and adsorption
efficiency [21-27] but its poor mechanical stability might limit their
practical application in some fields. To further extend the application
of the material, here, we introduce poly (vinyl alcohol) (PVA) into
TiO2 to enhance their mechanical strength. The resulting PVA
modified hybrid was tough and flexible and exhibited good mechanical
strength. The combination of PVA and TiO: results environmentally
benign hybrid composite which can effectively separate MB dye from
contaminated water. Methylene blue is a heterocyclic dye that has wide
industrial applications, but cause serious environmental issues due to
its high toxicity and accumulation in the environment[28]. There are
limited number of works published based on PVA maodified TiO: in
the adsorption of dyes. Especially no outstanding research reported for
the selective removal of cationic dyes from a combination. A few
research works for the adsorption of MB dye using TiO2 - polymer

nanocomposite were displayed in Table 1 [29]. From the table it could
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be seen that this material; TiO, — PVA, was proved to be more
advantageous than other reported materials. The use of green PVA has
been projected as a better alternative for most of the toxic polymers.
The nanocomposite serves as an excellent adsorbent due to its

fascinating properties and economically viable method of synthesis.

Table 1. Previous works-comparison.

Dye Material Results Reference
Sulfonated Adsorption, [29]
graphene/PVA reaction
conditions:
2 g of
adsorbent/25 mL
of the dye
MB solution at 25°C
Activated carbon/PVA  Adsorption, best [30]
reaction
conditions:
24 h ,37°C, 100
rpm
Chitosan/TiO> Initial [31]
composite concentration of
MB 50 mg/L at 1
h
Octa(maleimidophenyl)  80% Adsorption [32]
silsesquioxane— using 0.5 g, 2.5h
SiOo/TiO;
TiO2-poly(3-chloro-2- 99% MB [33]
MO-MB hydroxypropyl Adsorption
mixture methacrylate) (TiO-- within 5 min at
PCHPMA) 28° C
MB and MO (10
mg/L)
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The present work explores i) a simple preparation of an in-
expensive PVA modified titania nanocomposite with extremely high
specific surface area, and large pore volume ii ) characterization of the
material by XRD, UV Vis spectra, PL spectra, FT Raman, FTIR,
FESEM with EDAX, HRTEM, BET and DLS technology, iii)
evaluation and investigation of removal efficiency of water soluble
methylene blue dye iv) effect of adsorbent dosage, effect of initial dye
concentration, pH, temperature, and v ) selective removal of MB dye

from MB- MO mixture and comparison with bare titania vi) removal

of cationic Acridine orange dye (AO) from aqueous solution.

4.2. Results and discussion

4.2.1. Characterization of titania hybrid

The FTIR spectra of TPVA nanocomposite is shown in the
Figure 1A. The bands between 500-900cm™ are largely related to
titanium oxide Ti-O, Ti-O-Ti stretching and bending modes was
slightly shifted to 400-700 cm™ in the composite is confirmed the
cross-linked structure of the hybrid nanocomposite. A broad band
observed between 3200-3600 cm™ is shown in the sample corresponds
to O-H stretching and deformation vibrations of weak-bound water
molecules. Vibrations in the range of 1400-1700 cm™ are indicative of
CH> bond because of the introduction of PVA in the TiO2. The anti-
symmetric and symmetric C-H stretching of methylene groups are
observed respectively at 2931cm™ and 2860 cm™ [34].
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Figure 1 B depicts the XRD patterns of TPVA nanocomposite.
The peaks are shown to have resulted from the planes (101), (103),
(200), (105), and (213) at theta 25.15°, 37.61°, 47.7°, 54.12°, 62.69°
respectively. The reflection peaks can be indexed to anatase TiO:
(JCPDS No 75-1537).
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Figure 1. A) FTIR spectra B) XRD C) UV spectra D) Tauc plot of
TPVA nanocomposite

The diffuse reflectance spectra and corresponding Tauc plot of
the prepared sample are shown in Figure 1 C and D, the presence of

TiO2 in the sample was confirmed due to the characteristic broad
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absorption peak in the 200-400 nm region. The band-gap energy (EQ)

was calculated by the following relationship;
a(hv) = ag (hv — Eg)" (5)

where «a is absorption coefficient, hv is the photon energy, a, and hk
are the constants, E, is the optical band gap of the material, and n
depends on the type of electronic transition and can be any value
between % and 3 [35, 36]. The band gap energy of the material
calculated from Tauc plot is 2.1 eV, which got lowered due to the
introduction of PVA in to TiO2 confirms the formation of the
composite. The band gap further calculated by photoluminescence
(PL) technique at excitation wavelength of 480 nm and was presented
in Figure 2 A. The spectrum shows emission band at wavelength range
510-550 nm. The obtained band gap energy is 2.3 eV. The band gap
value obtained from DRS technique and PL technique are very much

comparable.

Raman spectroscopy was used to confirm the formation of TiO:
and to its phase transformation of TiO,. The Raman spectra of the
TPVA nanocomposite is shown in Figure 2 B. The anatase phase and
the rutile phase of TiO. have different Raman active modes. The peaks
were identified at values of 144, 395, 514 and 639 cm™ [37]. The four

peaks confirm the presence of anatase phase.
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Figure 2 A) PL spectra for Band gap measurement B) Raman spectra
of TPVA nanocomposite

Figure 3 depicts the surface morphologies of TiOz- PVA
composites obtained by FESEM. The spherical shaped nano-composite
with extremely small particle size with an average size of 12 nm has
been observed. The image indicated that the sample has a uniform
morphology. Furthermore, the corresponding EDX spectra of the
sample represented in the Fig. 3D clearly illustrates the distribution of
C, N, O, and Ti throughout the sample.

Detailed information about the microstructure and morphology
of nanocomposite has been provided by TEM of the sample. The
image showed the formation of spherical shaped small nanoparticles
throughout the sample. HRTEM image of the sample was considered
to resolve more information of the structure. Figure 4 represents the
high resolution TEM (HRTEM) image of the same sample. The
observed lattice spacing of 0.33 nm corresponds to the (110) plane of

anatase TiO2 showing that the nanoparticles grows along (110) plane.
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Figure 3. A) B) C) FESEM image of TPVA nanocomposite at
different magnification D) EDAX spectra of the sample

Figure 4. TEM and HRTEM image of TPVA nanocomposite
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The textural properties of TiO> -PVA were depicted from the
Brunauer Emmette Teller (BET) nitrogen adsorption—desorption
isotherm analysis and the average pore size was measured through the
Barrer—Joyner—Halenda (BJH) technique at —195.80 °C as shown in
Figure 5. This technique is used to understand the adsorption
mechanism with respect to the surface area and porosity. The estimated
surface area, pore diameter and pore volume of the sample is
summarized in Table 4. The BET surface area was calculated to be 475
m?g! and the pore diameter ranges from ~ 4 nm to 50 nm. Therefore,
all pores in the composite are mesoporous and substantial contribution
to adsorption surface is offered by mesopores [38]. The pores, in
general, could perform as channels for the adsorption of MB
impurities. The N2 adsorption—desorption isotherm corresponds to the
IUPAC type-IV pattern representing the existence of mesoporous
structure in the prepared sample. The sorption isotherm exhibit typical
H3 hysteresis indicates that network effects are important in the
structure. The H3 type suggests slit like pores. The high surface area of
475 m?g?t along with mesoporous nature of composite leading to
higher MB adsorption.
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Figure.5. A) N2 adsorption - desorption curve B) BJH pore size
distribution curve of TPVA nanocomposite
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4.2.2. Adsorption study

Figure 6 A and Table 2 shows adsorbent dosage on methylene
blue dye removal. Adsorbent dosage is an important parameter to
determine the capacity of an adsorbent. In general, with rising
adsorbent dosage, the percentage of dye removal increases. Initially, a
rapid increase of adsorption with the increase in adsorbent dosage was
attributed to the availability of more adsorption sites [39]. The dye
removal reached approximately 95.3% using 0.075g of the
nanocomposite, which was attributed to the larger number of
adsorption sites. A decrease in adsorption capacity of nanocomposite
was observed on further addition of adsorbent. Therefore, the optimal
dosage for dye removal was 0.075g of the nanocomposite. The
decrease of adsorption was due to the concentration gradient between
the adsorbent and adsorbate [40].

For comparison adsorption study was conducted with bare
titania as shown in Figure 6. It was found that MB adsorption rate was

lower for bare titania compared to titania PVA hybrid
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Figure 6. Adsorption plots A) % removal Vs time at different
adsorbent dosage a) 0.025g b) 0.05g c) 0.075g d) 0.1g B) % removal
Vs time at different pH a) 3b)4c)5d)6¢e) 7f) 8g) 9 C) % removal
Vs time at different adsorbate dosage D) % removal Vs time at
different temperature E) and F ) Absorbance spectra of MB
adsorption at pH 8 and 303 K of titania PVA hybrid and titania
respectively.
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Table 2 % removal efficiency of MB uptake on TPVA nanocomposite
at different catalyst dosage, pH.

% Adsorbent v
pH removal SD dosage(q) removal SD
efficiency efficiency

3 924 0.07 0.025 70.2 0.42
4 92.8 0.04 0.05 79.5 0.17
5 93.2 0.05 0.075 95.3 0.38
6 94.5 0.21 0.1 75.7 0.14
7 95.3 0.42
8 97.1 0.07
9 85.9 0.49

Table 3 % removal efficiency of MB uptake on TPVA nanocomposite
at different adsorbate concentration and temperature.

Adsorbate % Temperature %
Concentration removal SD 5 removal  SD
- (K) .
(ppm) efficiency efficiency
15 69 0.15 303 97 0.56
25 71 0.56 313 89 0.28
35 94 0.28 323 78 1.4
45 97 0.21 333 71 0.49
55 98 0.11 343 64 0.28
353 59 0.21

Table 4 Textural properties of TPVA nanocomposite

Pore volume Pore diameter
2n-1

Sample Seet (M?g™) (cm?g™) (nm)
TPVA 475 0.4535 3.8138

The pH of the solution is another important parameter that

affects the adsorption of the dye molecules. The efficiency of
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adsorption is dependent on the solution pH, since variation in pH leads
to the variation in the degree of ionisation of the adsorbate molecule
and the surface properties of the adsorbent[40]. The variation of pH
can affect the surface charge of the nanocomposite. The effect of the
solution pH on the dye adsorption was monitored by keeping the dye
concentration (35ppm) and adsorbent dosage (0.075g) constant at
303K. The experiments were performed at different pH ranging from 3
to 9. As shown in Figure 6 B and Table 2, the percentage of dye
removal increased gradually from 92.4 to 97.1as the pH increased from
3 to 8 because the electrostatic interactions between the positively
charged dye molecules and the negatively charged nanocomposite
could be the main adsorption mechanism. On the other hand, a
decreasing trend in the dye removal efficiency from 97.1 to 85.9% was
observed with a further increase in pH to 9. The optimal pH was found
to be 8. Initial dye concentration depends on the adsorption capacity of
adsorbent. The effect of initial dye concentration depends on the
immediate relation between the concentration of the dye and the
available sites on an adsorbent surface and was shown in Figure 6 C
and Table 3. The increase in initial dye concentration will cause an
increase in the capacity of the adsorbent and this may be due to the
high driving force for mass transfer at a high initial dye concentration
[41].

Temperature will change the adsorption capacity of the
adsorbent so and it is a very important parameter for optimizing the
adsorption process. Decrease in adsorption trend has been observed

and the results are given in Figure 6 D and Table 3. The decrease of
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adsorption capacity with increase in temperature indicates that the
adsorption is an exothermic process. This may be due to the decrease
in the adsorptive forces between the dye molecules and the active sites

on the adsorbent surface with rise in temperature [18].
4.2.3. Adsorption isotherm and kinetic studies

An adsorption isotherm describes how adsorbate interacts with
the adsorbent. Thus, the correlation of equilibrium data by either a
theoretical or an empirical equation is essential for the practical design
and operation of an adsorption system. Langmuir and Freundlich
isotherm models have been used to evaluate the adsorption data for

Methylene blue. Linearized forms of Langmuir and Freundlich

adsorption isotherms can be expressed as follows \
Ce 1 1

Z N K1 Gmax dmax Ce (6)

logq. =logKg +Tll—logCe (7)

where C,., qmax, and g, represents the equilibrium dye concentration
(mg L), maximum adsorption capacity (mg L) and amount of dye
adsorbed per gram of adsorbent (mg g*) respectively. K, and K are
the constants in the equation and n is a dimensionless heterogeneity
factor [42].

Langmuir isotherm is based on the assumption of uniform
adsorption energy throughout the surface of the adsorbent. Equation

(6) was applied to the experimental adsorption results through a linear

regression plot of = Vs. C. to obtain q,,,, and K; values. The

Ce
e
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Freundlich model is an empirical equation for a highly heterogeneous
surface having an exponential distribution of adsorption sites and
energies. The values of the Freundlich’s constant kr and n can be
calculated by a linear plot of logq. Vs logC,and applied to the
adsorption study [43] shown in Figure 7 A and B, Langmuir and
Freundlich constant are given in Table 5. The experimental data on the
uptake of methylene blue at 8 min have been fitted in the Langmuir
equation and the plot obtained is shown in Figure 7 A which suggests
the Langmuir adsorption model was more suitable for MB adsorption
using the nanocomposite with a regression coefficient value of around
0.9914. The experimental data give good fit for both Langmuir and
Freundlich models, but the Langmuir isotherm was found to fit the
experimental data better than the Freundlich isotherm. The best fit of
equilibrium data in the Langmuir isotherm expression predicted the

monolayer coverage of methylene blue onto the adsorbent surface.

Pseudo first-order and pseudo second-order kinetic models are
most widely used and were applied here to determine the rate of
adsorption at different time intervals and were presented in Figure 7 C
and D. The first-order kinetics proposed by Lagergren and improved

by Krishnan was given by,

-k
log(qe —qc) =t + logq. (®)

where ki is the rate constant for the first-order adsorption reaction, and

ge and gt are the amount of dye adsorbed at equilibrium and time t
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respectively. The pseudo second-order rate equation by Ho and Mckay

can be expressed as follows,

t 1 t

= — 9
ar kaqe? + de 9)

The appropriate model was found using a straight line, which suggests
that the pseudo-second-order kinetic model was more suitable for MB
adsorption using the nanocomposite with a regression coefficient value
of around 0.9974 [43].

R’=0.9865
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Figure . 7. A) Langmuir and B)Freundlich Adsorption isotherms C)
Pseudo 1% order and D) Pseudo 2" order Kinetic plots
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Table 5 Langmuir and Freundlich adsorption isotherm parameters at
303 K

Langmuir Freundlich
parameters parameters

Equation KL gmax R? Equation Ke n R?

y=0.00/x+ 00 1388 09 y=0575x+ 82 17 09
0.285 25 88 91 0.914 11 36 89

4.2.4. Selective adsorption

In addition, a nice adsorbent should be able to separate a
certain dye from a dye mixture. An equimolar solution of MB and MO
were subjected to adsorption studies. The selective adsorption of MB
from the mixture of MO and MB was studied, as depicted in Figure 8
A. After the addition of TiO> —PVA nanocomposite, the colour of the
mixture gradually turned from dark green to light yellow (Fig. 8 inset).
After adsorption for 8 min, the intensity of peak at 662 nm associated
with MB decreased remarkably whereas no obvious decrease at 463
nm corresponding to MO was observed, demonstrating the high
selectivity of titania PVA composite for the adsorption of MB dye. The
high selectivity is possibly due to the fact that the electrostatic
attraction between nanocomposite and MB for the adsorption process.
Thus, the cationic dye well adsorbed on the surface of nanocomposite
while MO being an anionic dye remained as un-adsorbed. The
adsorption of MB on the nanocomposite found to be selective in the

presence of MO.
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The selective adsorption study of bare titania was also carried
out and results shown in Figure 8 E. The selectivity of bare titania
towards MB is less compared to the hybrid material. The MO dye can
undergo adsorption in slower rate with bare titania. The selectivity of
titania catalyst was more pronounced with the presence PVA. Also,
adsorption experiment of titania PVA hybrid was conducted with
another cationic dye acridine orange (AO) and the results depicted in
Figure 8 F. The catalyst can adsorb AO dye from water (10-4 M)
confirming the selective nature of adsorbent towards cationic dye.

Measurement of the zeta ({)-potential of TiO, particles was
also carried out to further confirm minute details regarding the
adsorption of MB on the TiO particle surface. Figure 8 B summarizes
the results of zeta potential measurement. From the data it is clear that
the zeta potential value of titania and hybrid is 14.2 mV and -29.5mV
respectively which explains that the cationic MB dye is well adsorbed
on the negatively charged hybrid surface. The anionic dye methyl
orange will not undergo adsorption on hybrid composite also supports
this observation.

Herein, the regeneration experiments were carried out by
immersing dye-adsorbed TiO2 -PVA in HCI solution (0.1 M) and then
centrifuged for 1 h. After desorption, the regenerated nanocomposite
was reused for the next cycle of adsorption, as presented in Figure 8 C.
Results indicated that the removal efficiency reduced not more than
13%, even after ten successive cycles of desorption— adsorption, as
compared with the original adsorption capacity. It was found that 90%
of MB recovered from the adsorbent.
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Figure 8. A) Selective adsorption of MB in equimolar mixture of MB
and MO (inset: photograph showing selective adsorption) B) zeta
potential ({) measurement plot for a) titania and b) hybrid
nanocomposite at pH 8 C) % recovery Vs time of hybrid
nanocomposite using 0.1M HCI D) Reusability of hybrid
nanocomposite, % removal Vs number of cycles of hybrid
nanocomposite E) Selective adsorption of MB in equimolar mixture of
MB and MO of titania. F) Adsorption of acridine orange dye by titania
PVA hybrid.
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Reusability is another important characteristic of an adsorbent
in industrial processes because use for longer periods of time leads to a
substantial decrease in the cost of the process. The removal efficiency
of MB recovery using a dye concentration of 35 ppm with an
adsorbent dosage of 0.075 g was repeated 10 times, and the results
(Figure 8 D) indicated that the adsorbent showed good activity, even
after 10 repeated recycles.

4.3. Conclusions

> The synthesis of inorganic — organic hybrid nanocomposite
containing TiO2 and PVA has been done by sol-gel technique.

> The hybrid nanocomposite was characterized using X-ray
diffraction (XRD), Fourier Transform Infrared Spectroscopy
(FTIR), UV-Vis spectroscopy, Photoluminescence
Spectroscopy (PL), Fourier Transform Raman Spectroscopy
(FT Raman), Field Emission Scanning Electron Microscopy
(FESEM) with (EDAX), and High-Resolution Transmission
Electron Microscopy (HRTEM). The Surface charge of the
nanocomposite was probed with Zeta potential ({)
measurement by Dynamic Light Scattering (DLS) technique.

> The composite shows remarkable adsorption capacity for
cationic methylene blue (MB) dye from methylene blue and
methyl orange (MO) mixture utilised as a selective adsorbent

for cationic dyes. The experiment was conducted with bare
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titania also. The selectivity of catalyst was confirmed with

another cationic dye acridine orange (AO).

> The surface area and pore volume of the composite were
determined using BET method and achieved very high surface

area of 475 m?g™* and high pore volume 0.4535 cm® g

> The MB adsorption on nanocomposite was investigated under
various experimental conditions. Uptake of MB dependent on

temperature, pH, initial dye concentration, and catalyst dosage.

> The nanocomposite showed 97.1% of MB removal within 8
minutes.
> The experimental data give good fit for both Langmuir and

Freundlich models and detailed adsorption studies reveal that
the adsorption kinetics and isotherms can be well-described by

pseudo-second-order model and Langmuir isotherm model.

> More over the adsorbent could be well regenerated in acid

solution with good activity, even after 10 repeated cycles.

> The negative surface charge, very high surface area, high pore
volume, and mesoporous structure of nanocomposite
contributed to the selective adsorption of MB dye from MB-
MO mixture.

Discovery consists of looking at the same thing as everyone else and thinking
something different.

Albert Szent-Gyorgyi
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the adsorbent could be regenerated in acid solution with good activity, even after 10 repeated cycles.
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1. Introduction simplicity of design, ease of operation, initial cost, insensitivity to toxic
pollutants and does not produce harmful substances [7]. Activated car-
‘Water ¢ ion due to dyes considered as one of the hot topics bon is an effective material for the dye removal from wastewater, but in

of research in contemporary world. Most of the industries such as tex-
tile, paper printing and pulp, rubber, plastics, leather, cosmetics, etc.
use different dyes to colour their products synthesized | 1]. The total
dye consumption in the textile industry worldwide is more than
1000 tfyear and approximately100 tonnes/year of dyes is discharged di-

industrial processes it was restricted due to high operational and invest-
ment costs [8]. The current research is therefore focused on the need to
develop alternative to commercial activated carbon with a cost effec-
rive, but potential adsorbent optimum  adsorb

adsorbent interaction, adsorbent surface area, adsorbent to adsorbate

rectly in to the water streams. These are being one among the imps

recalcitrant, allow for long distances in flowing water, inhibits photo-
synthetic activity, retard the expansion of aquatic biota by obstructing
sunlight penetration and utilizing dissolve oxygen and decrease the rec-
reation value of stream [2]. Conventional methods of water treatment
such as coagulation [3], chemical precipitation 4], ozonisation [5],
membrane filtration |6], and reverse osmosis are not effective in remov=
ing colour from waste effluent. Chemical and electrochemical oxidation
sand coagulation are generally not feasible in large scale industries due
to their high cost and economic disadvantages and this gap is filled by
the most versatile adsorption technigques. Adsorption technique has
been found to be superior to other methods in terms of flexibility,
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ratio, particle size, ,and pH [9,10].

In recent years, nano-porous particles |11] espedally titanium oxide
(TiDy) [12-14], Fey0y4 [15]. Zn0 [16] and their composites have gener-
ated considerable interest due to their nontoxicity, physical and chem-
ical stability, regular pore structure, uniquely large specific surface
area and exhibiting high catalytic efficiency [ 17-20).Ti0z possess high
adsorption capacity and its modifications further enhances the surface
area by controlling the growth of crystallites and gives higher porosity
leading to high adsorption efficiency [21-27]. But its poor mechanical
stability perhaps limits their practical application in some fields. To fur-
ther extend the application of this material, we introduce poly(vinyl al-
cohol) (PVA) intoTiOwand the results discussed in this paper. The
resulting PVA modified hybrid was tough and flexible and exhibited
good mechanical strength. The combination of PVA and Ti0, results en-
vironmentally benign hybrid composite which can effectively separate
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This chapter is divided into two parts; Part A explains thecharacterization and
application of titania and titania silica nanocomposite as photocatalyst for the
degradation of BPA. The radical intermediates formed during the degradation of
BPA, mineralization rate and degradation products exist in the solution were
identified. Part B focuses the modification of titania silica nanocomposite with
GPTMS and HMDS for the fabrication of super-hydrophobic coating on cotton
fabric for the separation of oil from water. The durability of the coating was
evaluated by exposing the specimen at harsh environments. The coated fabric free of

fluorine and chlorine can be effectively utilized in various fields.
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5.1. Introduction

The inflow of contaminants like organic dyes, heavy metals,
organic compounds and oils etc., into water resources present a rising
global issue. Choosing the most suitable method of wastewater
treatment studies requires operating and investment costs. In this way
advanced oxidation processes (AOPs) may become the foremost
widely used water treatment technologies for organic pollutants. They
are not treatable by conventional techniques due to their high chemical
stability and/or low biodegradability [1]. AOPs are often used
efficiently in wastewater treatment to remove persistent organic
contaminants. The mechanism of oxidation process is determined by
the very high oxidative potential of HO radical. Radicals produced by

different mechanisms into the reaction medium [2].

Photocatalysis, also called the "green" technology, represents
one of the main challenges in the field of treatment and
decontamination systems, especially for water [3]. The degradation of
pollutants under visible light using the photocatalytic properties of
semiconductor materials synthesised by easy routes have been a hot
area of research. Most of the semiconductor materials like TiOg,
CdSe,WO0s3, Bi;WOs, Bi20s, NiTiOs3, ZnO and carbon dots, etc. are
reported to have photocatalytic activity for the degradation of dyes and
other organic pollutants, water splitting, solar cells etc[1]. Among
these systemsTiO», has a unique position in the field of photo-catalysis
mainly due to its high photo-activity, good photothermal stability, low
cost, and its eco-benign nature. The spectrum of activity of TiO2
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includes degradation of organic pollutants [2] treatment of endocrine
disrupting compounds (EDCs) and emerging contaminants [3].
Bisphenol A (2, 2-bis (4-hydroxyphenyl) propane, BPA) is a
representative xenoestrogens typically used in the manufacturing of
numerous chemical products [4] and is suspected to several adverse
effects including endocrine disruption [5]. Huge quantities of BPA are
directly discharged into aquatic systems from a vast array of industrial
sectors. In 2010, the United States Environmental Protection Agency
(EPA) reported that over one million pounds of BPA were released
into the environment annually, of which the possible hazards to
foetuses, infants and young children were identified by the United
States Food and Drug Administration (FDA) [2].Possible sources of
BPA in the environment include (i) discharges from wastewater
treatment plants, (ii) landfills where BPA-containing products have
been disposed of, (iii) sewage sludge used in agriculture, and (iv)
leakages during its production and transportation [6].It shows the
extreme focus warranted in the treatment of water polluted by organic
molecules including BPA[7, 8]. The conventional strategies used for
the removal BPA from water include microbial degradation[2],
adsorption [9], photo-catalytic degradation [2, 10, 11], etc. are not free

from disadvantages like time-consumption and low efficiency.

Photo-illumination of TiO2 cause electronic excitations and
consequent generation of electron-hole (e-h) pairs. These e-h pairs
later diffuse to the surface of TiO. and combine with molecular oxygen
and hydroxide ions forming reactive radicals essential for the oxidation

of pollutants. However, some inherent defects like relatively wide
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band gap (about 3.2 eV) and low surface area have limited the practical
applications of bare TiO.. The efficiency of the degradation process
depends on the production and subsequent reactions of *OH at or very
near the surface of TiO2[12-14]. As a consequence, modifications
demand to improve the light absorption, charge separation, surface

area, and surface reactivity of TiO2[15-17].

Different strategies have been used for the addressing the
limitations of TiO».Fabrication of mesoporous nanocomposite has been
considered as one of the most promising ways to improve the
photocatalytic activities of TiO2. Mesoporous nanocrystalline TiO and
their composites has been demonstrated to be a more effective
photocatalyst, because of its environmental friendliness, large surface
area, ordered porous structure and large pore volume, which results in
increasing surface reactive sites and improving mass transport. Weiyao
Hu reported an easy strategy for the controllable synthesis of stable
mesoporous black TiO. hollow spheres with a narrow band gap
inhibits grain growth and anatase-to-rutile phase transformation, as
well as maintaining high structural integrity, resulting in an increased
photo-response from UV to visible light region and a significant
improvement in the solar-driven photocatalytic hydrogen evolution
rate[18]. Wei Zhou et al report the easy synthesis of ordered
mesoporous black TiO> (OMBT) materials, which exhibit excellent
photocatalytic hydrogen evolution efficiency, maintain ordered
mesoporous structures as well as inhibit phase transformation (from
anatase to rutile) and crystal growth during hydrogenation at 500 ° C
and exhibit a high solar-driven hydrogen production rate[19]. Wei
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Zhou et.al prepared thermally stable ordered mesoporous anatase TiO2
with high crystallinity and large pore size(10 nm) through an EISA
approach combining with encircling EN protectors to maintain the
liquid crystal mesophase structure of mesoporous TiO2 primary
particles, followed by calcination at higher temperature. The same
group also synthesized ordered mesoporous TiO> with a large pore size
ranging from 8 to 14 nm through evaporation-induced self-assembly
(EISA) approach and butanol released in situ as swelling agent[20].
Several investigations have focused on anchoring the TiO2 on supports
with high surface area and porosity [21]. The approach of fabrication
of ordered mesoporous TiO»-based photocatalysts with uniform pore
channels, high BET surface area, and large pore size improves the
photocatalytic activity of the resulting material[22, 23].1t is reported
that SiO2 improves the surface area of TiO2 which is essential for the
enhanced photocatalytic activity of TiO.. Linlin Zhang et.al fabricated
novel ordered mesoporous SiO -TiO. coated circulating-bed biofilm
reactor is promising in the environmental field [24].1t was reported by
Chao Xie[25] and co-workers that the surface adsorbed water and
hydroxyl groups are crucial for photo-catalytic activity and anatase
phase is more active than rutile in adsorbing water and hydroxyl
groups. Thus, SiO2 was introduced into TiO2 framework to create
composites with well-defined mesoporous structure and enhanced
thermal stability of the anatase phase [26]. Cheng et al. reported that
SiO2-doped TiO2 have high photocatalytic activity due to the
suppression of the anatase to rutile phase transition and the formation

of oxygen vacancies [27]. The high crystallinity and anatase phase of
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TiO2 will favour Photocatalysis. The introduction of SiO2 could
inhibit crystal phase transform of TiO, from anatase to rutile.
Mesoporous SiO; -TiO2 would improve photon utilization, organic
molecule adsorption, and microorganism loading, and increase the
surface reactive sites, due to its large surface area, ordered pore
structure and large pore volume[24]. Consequently, the incorporation
of SiOz into a TiO2 matrix have high surface area, enhanced thermal
stability of the anatase phase, efficient electron-hole separation and
absorption of light from the visible range. Several reports are available
on the photo-catalytic degradation of BPA using visible light sensitive
photo-catalysts including TiO2 based composites [20,26-29]. However,
limited information is available with TiO, - SiO, composite as
photocatalyst for the degradation of BPA under visible light. Yuxin
et.al [28]reported metallic platinum doped ordered mesoporous TiO; -
SiO2 material for the degradation of BPA under light irradiation.

In this work we also focussed on a serious environmental issues
that cause threat to living system due to water contamination by oil
which resulted from oil production, oil delivery, oil refining industries
and petrochemical operations. Millions of tons of refined oil and crude
oil leak into the sea every year, which is responsible for pollution of
natural aquatic environment and ecological, damage [29-34]. A typical
mining operation produces 1,40,000 L of oil-contaminated water per
day[35]. Many industries, such as mining, textiles, foods,
petrochemicals, and metal/steel industries, produce massive volumes
of oily wastewater, which has become an extremely common pollutant
all over the world, and is now a serious global environmental
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concern[36, 37]. For example, several types of mechanical devices,
including oil skimmers or booms, have been used to purify these
oil/water mixtures, but they require an input of energy or high pressure
to operate. Therefore, it is of great significance to explore a simple,
economical and effective method for the separation and collection of
oil from oil-water mixtures. Studies related to this field are mainly
focused on surface super wettability, such as superhydrophobicity,
superhydrophilicity, superoleophobicity, and superoleophilicity [38].

Super hydrophobic cotton as filter material has been used
recently[39].  Mimicking  the hierarchical  micro/nanoscale
morphologies of lotus leaves and butterfly wings that possess super-
hydrophobic property (surfaces with a water contact angle greater
than150°) has led to the fabrication of numerous artificial super-
hydrophobic surfaces. Various strategies have been proposed for
imparting hierarchical surface to substrates, such as template methods,
colloidal self-assembly, sol-gel processing, electro-spinning, layer-by-
layer deposition, lithography and others [40-42]. The dip coating
method is considered to be a superior method compared to others
because it is inexpensive, simple and provides an easy adjustment of
the chemical composition needed for super-hydrophobic behavior.
Super-hydrophobic materials have a wide range of applications [43-
47]. Many findings have also been reported on the preparation of
super-hydrophobic surfaces and its applications in oil-water separation
[48-52]. Although these coatings on cotton fabrics offer high oil-water
separation efficiency, the use of fluorinated and chlorinated
compounds during its preparation limits its direct use. Halogenated
compounds are more expensive, toxic, non- biodegradable and easily
reactive with other materials and sometimes produces halo acids [53].
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Therefore, it is necessary to obtain fluorine and chlorine free coated
fabrics with super-hydrophobic and super-oleophilic properties.

In recent years widespread applications have been emerged for
titania as well as silica-based hybrids. Silica or titania are best choices
to fabricate super-hydrophobic surfaces due to their low toxicity,
controllable structure and promising thermal stability, strength and
durability under drastic environmental conditions [54, 55]. Some of
the materials with poor hydrophobicity allow both water and oil to pass
and hence non-effective for oil- water separation. Considering these
issues, it is highly desirable to develop some durable, super-
hydrophobic materials under acidic, alkaline, salty UV light conditions
using inexpensive and simple chemical routes. Some of the earlier
works conducted for the oil water separation using different materials
are summarised in Table 1.

In the first part of this chapter, we focus on the
photodegradation efficiency of TiO2 and TiO2 - SiO2 mesoporous
composites for the removal of BPA under visible light irradiation.
Major degradation products were identified and possible reaction
pathways were proposed. In the second part, we demonstrated a
simple, effective and viable approach to prepare super-hydrophobic
cotton material. The resultant fabric has been effective for the
separation oil from oil- water mixtures. Moreover, the durability of the
coating was evaluated under harsh environmental conditions like
exposure to acidic, alkaline, salty solutions, ultraviolet irradiation, and
stability by using the adhesive tape test, abrasion test, and under
washing.
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Part A
5.2. Photocatalytic degradation of BPA with TiO: - SiO>

5.2.1. Results and discussions
5.2.1.1. XRD

The XRD patterns are displayed in the Figure 1 A and B.
Generally, TiO2 undergoes anatase to rutile transformation from
600°C.It is clear from Figure 1 that bare TiO2 (TS) as well as TiO; -
SiO2 (TS) nanocomposite calcined at 500°C and 600°C (Ts, Te and
TSs,TSe) has achieved pure anatase phase (JCPDS 75-1537).The
peaks for bare TiO2 at 700°C (T+7) are shown to have resulted from both
anatase (A) and rutile (R) at theta 27.46° (R), 37.61° (A), 39.21 ° (R),
41.34° (R), 44.14 ° (R), 47.7° (A), 54.12 ° (A),64.2° (R).The peaks for
TiO2 - SiO2 nanocomposite at 700°C (TS7) register at theta 25.46°(A),
37.86 °(A), 48.28 °(A),54.02 °(A), 55.22 °(A), 62.82 °(A) respectively.
It was observed from the Figure 1(A) that for bare TiO> the
transformation from anatase to rutile was occurred at 700°C while for
the TiO2 - SiO2 nanocomposite at 700°C, the anatase phase was
observed (Figure 1B). The phase transition from anatase to rutile is
inhibited at this temperature confirms the high temperature anatase
phase stability of TiO, - SiO. composite. The crystallite size of Ts, Ts,
T7 and TSs, TSe, TS7 samples was calculated using the Scherrer
equation (1) and the results were tabulated in Table 1. It has been
found that the TiO2 - SiO: crystallite size of samples are lower than
bare TiO..It has been reported that, at the interface, the SiO. lattice

locks the Ti—O species at the interface of the TiO, domains, preventing
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the nucleation which is necessary for the phase transformation from

anatase to rutile. Hence, greater heat is required to drive the

crystallization [56]. Therefore, even though silica is a subsidiary

component in the present study, it plays a critical role in effectively

preventing the complete transformation of anatase to rutile phase even

at high calcination temperature[57].

Table 1. Crystallite size calculated from XRD data

Sample Crystallite size (nm)
Ts 12.5
Ts 13.2
T7 21.8
TSs 8.3
TSe 8.8
TS7 15.8
R A
A R
R A
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Figure 1 XRD spectra of A) a) Ts b) Tes and c)T7 sample and B) a)TSs

b) TSeand TSy sample
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% transmittance

5.2.1.2. FTIR Spectra

The FTIR spectra for Ts, Te, T7 and TSs, TSe, TS7 samples are
shown in Figure 2 A and B. The characteristic absorption band of Ti-
O-Ti stretching (bridging) mode lies at around 500 cm™. Specifically,
the bands located at 800 cm™ and 1080 cmtare attributed to Si-O-Si
bending; the band at 960 cmis attributed to Si-OH stretching; and the
broad band in the 3400 cm™ is attributed to the stretching of OH
groups of absorbed water molecules. This band may also contain the
contribution of absorbed molecular water on Ti-OH from the surface
of TiO particles[58]. Regarding the peaks associated with TiOg, it is
often reported[59] that bands observed in the range 900-1000 cm*may
be associated with Ti-OH and Si-O-Ti species.

b
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3400 1628 1390 1640 o7
1085
3400

T T T T T T T T T T T T T T
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% transmittance

wavenumber (cm™) wavenumber (cm™)

Figure 2. FTIR spectra of A) a) Ts b) Te and c)T7 sample and B)
a)TSs b) TSe and TSz sample

5.2.1.3. FESEM with EDX Analysis

For studying the morphology of products formed during the

reaction, SEM analysis was carried out. FESEM images of T7 and TS7
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is displayed in the Figure 3 A and B. FESEM images of T7 and
TSzshows nanoscale textures. TiOz2 as well as composite exhibit
spherical shape with particle size in the range of 25 nm, and 10 nm
respectively. The hydrothermal treatment allows the nanocomposite to

have smooth and uniform texture without agglomeration.

Figure 3. FESEM images of (A) T+, (B) TS7 sample.

5.2.1.4. HRTEM Studies

The morphological analysis of Tz and TS7 was done through HRTEM
and the image is provided in Figure 4 A and B. For the T7 sample, the
TiO2 particle has a size of 20 nm and the lattice fringes corresponding
to the (101) plane of rutile having inter-planar spacing of 0.31 nm. For
the TS7 sample the particle size of 11 nm was observed. The TiO; -
SiO2 composite having sizes of 11 nm was observed in the TEM
image. The high-resolution image Figure 4 C and D shows the lattice
fringes corresponding to the (101) plane of anatase TiO2 with an inter-

planar spacing of 0.33 nm
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Figure 4. TEM images of (A) Tz, (B) TS7 and HRTEM images of (C)
T7and (D) TSy

5.2.1.5. XPS Analysis

XPS study was performed to gather more evidence to
substantiate the purity and the existence of Ti—O-Si bonds in TS7
composite as shown in Figure 5A-D. The binding energy of Ti2ps»
appeared at 459.5 eV; and Tizp12 appeared at 465.3 eV for TS7 sample
(Figure 5A&B). The difference between the two peaks was found to be
5.7 eV which is the characteristics of the abundance of Ti*" on the
surface of the catalyst [60].The results significantly reveal the strong
interaction exist between SiO and TiO..The binding energy of Ti2ps;2
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Counts

appeared at 458.8 eV; while that of O1s appeared at 530.7 eV (Si—-O—
Ti) and 532.4 eV (Si—O-Si) respectively (Figure 5C&D).
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Figure 5. XPS survey spectra of A) TS7, High resolution XPS spectra

of (B) Ti2p (C) Si2p (D) O1s of TS7 sample.

The peak of higher energy was attributed to the oxygen bonded

to the silicon atom and of lesser energy to the oxygen bonded to the
titanium atom [61].The binding energy of Si2p appeared at 103.1 eV.

The charge of the Ti atom of TS; changes due to the interface

formation of TiO2-SiO..The formation of interface Ti-O-Si linkages

decreases the positive charge on the Ti atoms at the interface, resulting
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in a lower binding energy of the 2p electron of Ti in TiO2-SiOo,
Generally, for pure TiO the binding energy of Ti2pz. appeared at
higher energy ranges.

5. 2.1.6. DRS Studies

The absorbance spectra and Tauc plot of T7 and TS7 samples
were displayed in Figure 6 A and B respectively, Band gap calculated
from Tauc plot for Ts, Ts, T7 and TSs, TSe, TS7 samples calcined at

various temperatures were shown in Table 2.

The band-gap energy (Eg) was calculated by the following
relationship;

a(hv) = ay (hv — Eg)" (3)

where « is absorption coefficient, hv is the photon energy, a, and h
are the constants, E, is the optical band gap of the material, and n
depends on the type of electronic transition and can have values
between % and 3 [62, 63]. The band gap energy of the TSs, TSe, and
TSy calculated from Tauc plot is lower than Ts, Ts, and Tz samples.
This is due to the introduction of SiO2 in to TiO2 and confirms the
formation of composite. The absorption edge is significantly extended
towards the visible light range for TiO> - SiO2 samples. The red shift in
the absorption spectra of TS7 sample from UV to visible region can be
seen in the Figure 6 A, which results an enhancement in the

photocatalytic activity.
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Table 2. Band gap calculated from DRS spectra

Sample Band gap (eV)
Ts 2.80
Ts 2.64
T7 2.70
TSs 2.65
TSe 2.58
TS7 2.45

5.2.1.7. BET analysis

The surface area and pore volume were depicted from the
Brunauer Emmette Teller (BET) nitrogen adsorption—desorption
isotherm analysis and the average pore size was measured through the
Barrer—Joyner-Halenda (BJH) technique at — 195.80 °C of T7 and TSy

shown in Figure 6 C and

D.
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Figure 6 A) UV spectra and B) Tauc plot C) N2 adsorption -
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The adsorption and desorption isotherm of samples exhibit
Type IV behaviour with a typical H3 hysteresis loop and which
represents the mesoporous nature of the material[60]. The estimated
surface area, pore volume and desorption pore size of the synthesised
samples were shown in Table 3. The BET surface area of T7 and TSy
was calculated to be 278 m?g™and 495 m?g* respectively. The specific
surface area of TS increasing after the incorporation of SiO,. The TS7
sample has higher surface area when compared with other samples and
it is due to the presence of SiO2 on the surface of TiO..The pore
diameter varied from ~ 4 nm to 50 nm. For T pore diameter found to
be 3.5nm and for TSy is 7.9 nm indicating its mesoporous structure.

Table 3. Textural properties of synthesized catalysts.

Sample SBeT Pore volume Pore diameter

(m’g?) (cmg™) (nm)
T5 267.2 0.159 2.38
T6 223.3 0.189 3.39
T7 278.9 0.288 4.13
TS5 415.5 0.947 9.12
TS6 472.3 0.904 7.66
TS7 497.7 0.919 7.39

5.3. Photocatalytic activity analysis by HPLC

Figure 7 A and B shows degradation curve of Ts, T7; Ts, TSs
and TSe, &TS7 samples. Prior to visible light irradiation, the reaction
mixture was magnetically stirred for 15 min in dark in order to obtain a
homogeneous suspension having adsorption— desorption equilibrium
and the adsorption of photocatalysts for the BPA was found to be
negligible. From Figure 7, it is observed that 99% BPA degradation
occurred within 32 min of reaction time using TS7. Among the Ts, T,
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& T7 samples photocatalytic activity is superior for T6 sample.
Similarly, by comparing TSs, TSe, & TS7 samples better photocatalytic
activity is exhibited by TS7.For Te around 50% degradation occurred in
32 min of reaction time and the same for T7 sample is only 37%.

It was reported that the active species could be different for
different catalysts or for photo-degradation of different contaminants.
In the process of photocatalytic degradation of organic dyes,
semiconductor photocatalyst produces various active intermediates
under irradiation. The effects of various kinds of trapping agents were
investigated to identify the function of each active species in the photo-
catalytic cycle of BPA. We have studied different interfering ions
involved in the reaction using different radical scavengers on photo-
degradation processes. The radical trapping agents potassium iodide
(KI) was added to determine the participation of holes (h"),
tert.butanol (tBuOH) was added to recognize *OH, sodium azide
(NaNs) and benzoquinone (BQ) as O, and O*radical scavengers to
investigate specific reactive species [64].Photocatalytic efficiency of
TS7 catalyst in the presence of these scavengers was noted as it
possesses high efficiency. After the addition of scavengers,
degradation rate was noted and the results were displayed in the Figure
7 C. From the Figure it can be concluded that the addition of NaN3z and
BQ will not alter the degradation rate of BPA. However, the
degradation rate of BPA was decreased in the presence of tert.butanol
(tBuOH), and KI. The quenching of reaction clearly confirms that «OH
and h™ are the main active species responsible for the degradation
process. It can be concluded that due to the combined effects of high
surface area, heteronano structure, thermo stable anatase phase and low
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crystallite size contributed to the higher photo-degradation efficiency
of TiO2- SiO2composites.
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Figure 7. Concentration Vs time plot showing the degradation of BPA
with (A) a) Ts b) Tz and c) Te sample and B) a)TSs b) TSe and TS
sample C) with various scavengers under visible light irradiation.

5.3.1 Measurement of hydroxyl radical content through fluorescence

spectra

Fluorescence spectra of T7 and TS7 samples were measured at
regular interval of time after visible light irradiation and the same are
shown in Figure 8 A and B. The PL intensity proportional to the
hydroxyl radical generation indicates the formation of
hydroxyterephthalate. The non-fluorescent terephthalic acid reacts with
*OH to form a fluorescent hydroxyterephthalate at 423nm which can
be assessed by the PL intensity. The PL intensity noted at regular

154



Synthesis, Characterizationandapplicationsof Titania Nano Hybrids Inphotocatalysisand Water Purification

interval of time. From Figure 8A, it is clear that initially the PL
intensity is nil, and after 8 min irradiation under visible light PL
intensity increased. As the irradiation time increased from 8 min to 32
min the PL intensity was found to be increased. This could be due to
the production of large amount of *OH during the reaction. Thus, as
the catalyst in aqueous solution undergo visible light irradiation, *OH
produced which was responsible for photocatalytic degradation BPA
during the reaction.

The lower PL intensity for T6 sample corresponds to lower
production of *OH and lower photo catalytic degradation efficiency.
The proposed degradation mechanism is shown in the Figure 8 C.
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Figure 8. Photoluminescence (PL) spectra of produced
hydroxyterephthalic acid in the presence of A) T7 and B) TS; after
visible irradiation at regular intervals of time C) Pictorial
representation of the proposed degradation mechanism
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5.3.2. Photodegradation intermediates and pathways

BPA degradation pathways are proposed on the basis of LC-
MS analysis. Previous works in this area suggested that the
degradation pathway of BPA by *OH be classified as: (1) BPA was
degraded through hydroxylation, producing hydroxylated and multi-
hydroxylated intermediates [7, 65] and (2) *OH react with aromatic
rings by electrophilic substitution due to its electrophilic character
[66].The proposed degradation pathway of the oxidation of BPA is
presented in Fig. 9. Herein, the product ion at m/z 227 is identified as
the deprotonated molecule [(M - H)-] of BPA, and other product ions
are identified as the deprotonated molecule of intermediates. Initially,
BPA molecules are attacked by radicals at the 3-position of the phenyl
ring to produce hydroxyl-BPA, which can be easily oxidized into
aliphatic compounds containing carboxylic groups along with the
cleavage of benzene rings. The carbon atoms at the para-positions with
the highest frontier electron density are the most likely sites to be
attacked by *OH, leading to the decomposition of BPA into phenol or
its derivatives. The ring-rupturing products are presumably further
oxidized to produce carboxylic acids, which are finally transformed
into CO2 and H20.
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Figure 9. Proposed BPA degradation pathway by TS catalyst under
visible light irradiation

5.3.3. TOC measurement

A plot of relative organic carbon content as a function of time
is shown in the Figure 10 A which was conducted to analyse the
amount of total organic carbon present in the degraded medium after
each time interval. It has been concluded that the TOC calculated in
the solution was found to be decreased as time increases. The TSy

sample has lower TOC compared to T7 at the same exposure period.
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5.3.4. Kinetic study

The kinetics of BPA degradation can be mainly studied by
pseudo-first-order equation. According to Langmuir—Hinshelwood
model, when the initial concentration, Co is very small the following

pseudo-first-order rate equation can be used.
In—== Kkt 4)

where k, is pseudo first order rate constant (mint) and C is the

concentration at time t. A plot of ln%vs t gives the value of k;.

Figure 10 B corresponds to the fitted curves of T7 and TSz samples. A
good linear relationship exists between ln%vs t with a good

regression constant value of 0.985 and 0.985for T; and TS+ samples
respectively. The reaction rate constantsk, for various photocatalysts
were determined from the slope of the fitted curves by means of linear
regression. The rate constant for TS; photocatalyst is highest i.e.
0.1214 min? compared to T; which has rate constant
0.0192 min showing that TSy is a better catalyst than T7. From the
Figure 10 it has been concluded that the BPA degradation followed the

pseudo first order kinetic model.

Reusability is another important characteristic of a
photocatalyst in industrial processes because use for longer periods of
time leads to a substantial decrease in the cost of the process. The

degradation of BPA with titania-silica hybrid was repeated 5 times,
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and the results (Figure 10 C) indicated that the adsorbent showed good

activity, even after 5 repeated recycles
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Figure 10. A) Relative organic carbon content as a function of time
plot after visible light irradiation B) Pseudo 1% order Kinetic plots of
a)T7 and TS7; sample C) Reusability of hybrid nanocomposite, %
degradation of BPA Vs number of cycles of hybrid nanocomposite.

54 Conclusions

1. Mesoporous Titania (TiO2 and Titania-silica (TiO2 — SiOy)
nanocomposites have been synthesized through a simple
hydrothermal sol-gel route and the synthesized materials
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characterized through techniques such as XRD, FTIR, DRS,
FESEM, HRTEM, BET and XPS.

The phase transition from anatase to rutile is inhibited at high
temperature (700°C) for TSz catalyst confirms the high
temperature anatase phase stability and lower crystallite size of
TiO, - SiO, samples compared to TiO, samples which is
confirmed from XRD, FESEM and TEM analysis.

The band gap energy of the TiO. - SiO2 samples calculated
from Tauc plot is lower than TiO2 samples. The red shift in the
absorption spectra of TSz sample from UV to visible region

results an enhancement in the photocatalytic activity.

The surface area and pore volume of the TiO; - SiO;
composites were determined using BET analysis and achieved
very high surface area of 495 m?g?! and high pore volume
0.9535 cm? gt for TSy.

The prepared TiO2 - SiO2 composites rapidly degrade the
endocrine disrupting compound Bisphenol A (BPA) under
visible light within 32 min and the degradation efficiency of

TiO2 - SiO2 had been compared with bare Titania catalysts.

The relationship between the calcination temperature and
photocatalytic activity of the material is established. Among the
prepared catalysts TS7 was found to be the best photocatalyst

for the oxidation of BPA under the specified conditions and the
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TOC analysis for degradation of BPA was in good agreement

with the results obtained from HPLC studies.

Various radical scavengers were introduced to understand the
role of reactive species produced during degradation of BPA
and found that the major contribution was from <OH radicals.
The presence of *OH and its quantification has been done by
using fluorescence technique and the results support the
chemical examination and based on the results, a

comprehensive route is proposed for the degradation of BPA.

The degradation of BPA followed pseudo first order kinetics
and the higher photocatalytic activity of the TS; was mainly
due to factors like absorption characteristics, high temperature
anatase phase stability, lower particle size, meso pores with
high surface area, lower degree of electron hole recombination,

and higher production of *OH.
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Part B

5.5 Cotton fabric coated with HMDS-GPTMS modified

Titania Silica nanocomposite for oil water separation

Some of the earlier works conducted for the oil water

separation using different materials are summarised in Table 4.

Table 4. Previous works at a glance

Material Results Reference
SiO; nanoparticles WCA 170°, oil-water [67]
modified with separation efficiency >
(heptadecafluoro-1,1,2,2-  97% after single cycle
tetradecyl)

trimethoxysilane
(HFTMS) cotton fabric

Polyaniline and WCA slowly decreased [49]
fluorinated alkyl silane to  from 156° to 146° after
the polyester fabric 30 separation cycles,

durable under severe
environments

Fluoroalkylsilane WCA 160°, UV light [68]
modified TiO, cotton durability for 24 h,
fabric super-hydrophobicity

retained for at least 5
cycles oil- water

separation
Superhydrophaobic bi WCA 158°, oil-water [69]
model SiO2 NPs coated separation efficiency
fabric 90% after single cycle.
Organically modified WCA 160°, oil-water [70]
silica- PDMS coated separation efficiency
cotton fabric 98.5% after 10 cycles,

good abrasion
resistance, chemical
stability for 24 h
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5.5.1 Result and discussion

The surface of TiO2-SiO> system is functionalized by HMDS
through the replacement of numerous hydrophilic OH groups present
on the surface of TiO2-SiO2 with hydrophobic —CH3 groups to form —
OSi(CHas)z. Hydrophobic gels were made super hydrophobic with
excess HMDS and GPTMS which facilitate the miscibility of the
hybrid in the matrix as well as provide good adherence to the fabric.

The water contact angle (WCA) on the coated fabric was
measured using sessile drop method and the mean value of the contact
angles was taken and shown in the Figure 11. The WCA on the coated
fabric was found to be 161.5°+ 1.02° indicates that the hydrophilic
surface of the bare fabric was modified to super-hydrophobic after
coating. The Coated Fabric (CF) completely repelled water as soon as

water droplets falls on the surface.

Figure 11. Photographic image of coated and uncoated fabric with
water drops on it
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To understand the chemical modification of the cotton fabric
upon coating and also the functional groups present, ATR
spectroscopic studies were carried out. Figure 12 shows the ATR
spectra of CF and Uncoated Fabric (UF). As expected, common peaks
were observed for the stretching vibrational modes of pure cotton
fabric in both spectra. In addition to this, a peak at 968 cm™ which was
assigned for the stretching and bending modes of Ti-O-Si also seen in
the spectra. Besides, two characteristic peaks are observed at 1131 and
1180 cm™, which strongly indicates the presence of Si—-CH3 bonds on
CF and is a clear evidence of super-hydrophobicity. Two intense peaks
at 2858 and 2912 cm™ are assigned to the C—H stretching of the CH>
groups. Also, after coating an intense peak located at 2965 cm™ owing
to the C- H stretching of CH3 group on CF. The broad band in the
range 3600 cmattributed to Si-OH groups and also Ti-OH groups
with absorbed water molecules. The surface morphologies of CF and
UF were displayed in Figure 13. A hierarchical surface structure was
observed for CF which is a very essential requirement for a surface to
have super-hydrophobic properties. It is seen from the figures that the
surfaces of CF are rougher than the UF. The UF showed a smooth
surface. The combination of the nanoscale roughness of the aggregated
clusters and the inherent micro-scale roughness of the bare fabric could

be the main reason for the super-hydrophobicity of the CF [71].
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Figure 12. ATR spectra of a) uncoated b) coated fabric.

Figure. 13. FESEM image of A & B uncoated and C, D & E coated
fabric
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5.4.2. Durability of the super-hydrophobic fabric

The chemical as well as mechanical stability of the coated
fabric is an important criterion for practical applications of super-
hydrophobic coatings. The WCA after immersing in acidic (0.5M
HCI), salty (3 wt % NaCl solution) and alkaline (0.5 M NaOH)
solutions for every 24 hours were shown in the Figure 14 A and B. It
was observed that even though the CF immersed in harsh
environmental condition for 72 h, there was only a slight variation in
WCA from the initial value. The same test was repeated under UV
irradiation to 72 hours and the contact angles of the samples were
measured every 24 h. The WCA result (Figure 14 B) confirms that UV
light exposure would not affects the stability of coating suggesting
superior UV durability. Thus, the results of the study indicate that the
CF has very good chemical stability.
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Figure 14 A) Image of coated fabric immersed in a) acidic b) alkaline
c) salty solution and d) UV irradiation after 72 h B) corresponding
contact angle for every 24 h C) mechanical durability Vs contact angle
after repeated cycles (inset: adhesive test photograph)
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The tear test with an adhesive tape was conducted for 15 cycles
(Figure 14 C) and even after 15 cycles the surface coating exhibited
super-hydrophobicity with only a slight change in WCA. The WCA
measured after 10 times repetition of abrasion test was 150.8°
+1°which was shown in Figure 14 C signifying the presence of a stable
coating on the fabric. The mechanical properties of the CF and UF
were done after conducting 3 trials. The average tensile strength of CF
and UF obtained was 28.3 +0.562 N/mm? and 10.2 +0.658 N/mm?
respectively. Three times increase in tensile strength was observed for
CF compared to UF. The value of Young’s modulus recorded for UF
and CF and was 0.51 +0.478 N/mm? and 2.53 +0.625 N/mm? and five
times increase in Young’s modulus has been recorded upon coating.
Thus, mechanical properties of the CF have improved. The presence
of GPTMS makes good adhesive force to the fabric due to the strong
covalent type bonding between the fabric and the polymer. The
reusability of the fabric after washing is very important and the
durability examined after repeated washings show no drastic change in
contact angle (Figure 14 C).

A

( a
e ﬁma@'

B

1004 98 97.8 984 976 gg2 96 97

chloroform

separation efficiency
@
g

e e e i\ 0\ i\
ared®guet “\oxo‘mm e e Oyt °“ gones®
S\

R e

Figure 15 A) image of oil- water separation experiment a) before
separation b) after separation B) separation efficiency of different oils
after 15 cycles of separation
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5.4.3. Separation of oil-water mixtures.

Further evaluated the oil-water separation properties of the
coated fabric using oils with different densities. After proper mixing
(2:1 volume ratio), the oil -water mixture was poured onto the surface
of CF and the colourless oil collected in the beaker without any
external force. The CF allows oil into it and water remained on the
fabric, which is evident from the appearance of the orange colour of
methyl orange dye on the material surface. The Figure 15 A shows the
optical image of oil-water mixture before experiment and after
experiment. For the efficient oil-water separation, the super-
hydrophobic filter used for separation should only allow oil and repel
water. The separation efficiency (Ks) was calculated according to the
following Equation [31].

Separation efficiency, Ks :% x 100

where m is the amount of water taken initially in the oil-water mixture
and mt is the amount of water collected after the separation process.
Separation of different types of oil-water mixtures was allowed
through this CF. Figure 15 B indicates that the separation efficiency of
CF using different types of oils after 15 cycles of filtration possess a
separation efficiency around 98 %. The WCA measured after
separation process was 156° +0.98° suggests that a reasonably good
super-hydrophobicity exists even after 15 cycles. The coated fabric
could be a promising material for large areas such as in self-cleaning,

removal of various contaminants in aquatic environment etc.
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5.6 Conclusions

Super-hydrophobic GRTMS/HMDS modified TiO./SiO; coated
cotton fabric developed through dip coating method having WCA of
161.5° £1.02°. The material was characterized by using ATR and
FESEM techniques. The fabricated CF can successfully separate oil-
water mixtures. A separation efficiency of 98 % after 15 cycles of
filtration process was achieved. The coated fabric could replace
conventional toxic fluorine based super-hydrophobic coatings. In
addition to this the CF exhibit very good mechanical and chemical
durability. Under harsh environmental conditions such as acidic, salty,
and alkaline, the CF exhibit superior durability and substantial stability
against UV light. Also, the CF possesses better tensile strength and
Young’s modulus compared to UF indicating adherent nature of
coating on fabric. Moreover, the results of abrasion test, and tear test
using adhesion tape after 15 repetition tests suggesting the super-
hydrophobicity of coated surface. Besides, washing durability test
were conducted for the practical application of CF and after 15 cycles
of washing the coated fabric found to be robust in nature. Furthermore,
the CF could be very useful in large areas such as in self-cleaning,

removal of various contaminants presents in aquatic environment etc.

You never fail until you stop trying.

Albert Einstein
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Abstract

A simple and feasible method is proposed for the fabrication of a super-hydrophobic coating on cotton fabric via sol—gel
process. The wettability of the coating was investigated by water contact angle measurement {WOA ) WCA of coated fabric
reachied up to 1615+ 1.02° The ensile strength and Young's modulus and mechanical properties of coated fabric is quite
promising than uncoated fabric. Moreover, the coated fabric can effectively separate oil-water mixtures through an ordinary
fillering process with a separation efficiency of 9%, Afier 15 cycles of separation the contact angle changes o 155.6 +0.98%
only and material maintained its super-hydrophobic property. The durability of the coating was evaluated by exposing the
specimen at harsh environments like acidic. alkaline, saline, and ultraviolet irradiation was conducted. The ear test was
evaluated using the adhesive tape test, abrasion resistance te<t apart from washing stability and these resolts suggested that
the coating was sufficiently stable. The coated fabric free of fluorine and chlorine can be effectively wtilized in various figlds.

Keywords 0l water separation - WCA - GPTMS - HMDS

1 Introduction

Mimicking the hierarchical microfnanoscale morpholo-
gies of lotus leaves and butterfly wings that possess super-
hydrophobic property (surfaces with a water contact angle
greater than 1507) has led 1o the fabrication of numerous
artificial super-hydrophobic surf: Various -gies have
been proposed for imparting higrarchical surface 1o sub-
strates, such as iemplate methods, colloidal self-assembly,
sol—gel processing, electro-spinning, layer-by-layer deposi-
tion, lithography and others [1-4).The dip coating method
is considered as superior method in comparison to others
as it is inexpensive. simple, and offers an easy adjustment
of chemical composition required for super-hydrophobic
behaviour. Super-hydrophobic materials have a wide range
of applications [5-9]. In this work we focussed on a seri-
ous environmental issue that canse seripus threat 1o living
system due to water contamination by oil which resulied
from oil production, oil delivery, oil refining industries and
petrochemical operations. Millions of tons of refined oil and
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crude oil keak into the sea every year, which is responsible
for pollution of nawral aquatic environment and ecologi-
cal damage [10-16). Therefore. it is of grear significance
to exploge a simple, economical and effective method for
the separation and collection of oil from odl—water mixune
[17). Super hydrophobic cotton as filter material has been
used recently [18). Many findings have also been reported
on the preparation of super-hydrophobic surfaces and its
applications in oil-water separation [19-23]. Although these
coatings on cotton fabrics offer high oil—water separation
efficiency, the use of Auorinated and chlorinated compounds
during its preparation limdis its direct use. Halogenated com-
pounds are more expensive, toxic, non-hiodegradable and
eadily reactive with other materials and sometimes produces
halo acids [24)]. Therefore, it is necessary to obtain Aworine
and chlogine free coated fabrics with super-hydrophobic and
super-obeophilic properties.

In recent years widespread applications have been
emerged for titania as well as silica-based hybrids [25-29).
Silica or titania are best choices w fabricate super-hydro-
phobic surfaces [4, 30, 31] doe to their low toxicity, con-
trollable structure and promising thermal stability, strength
and durability under drast environmental conditions [32-34).
Some of the materials with poor hydrophobicity allow both
water and oil to pass and hence non-effective for oil- water
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Abstract A simple and very effective method is proposed for the removal of Bisphenol A (BPA)
under visible light using mesoporous Ti0»-8i0> nanocomposite. The material was characterized
using FTIR, XRD, DRS, XPS, FESEM, HRTEM, and BET techniques. The photo degradation
efficiency of Ti0,-Si0, compared with bare TiO,. The effect of calcination temperature on the

TOC photo-degradation of the materials is also studied. The radical intermediates formed during the
degradation of BPA were followed with different radical scavengers. The solution after reaction
is subjected to TOC (Total Organic Carbon content) and LCMS analysis to determine the miner-
alization rate and degradation products exist in the solution. Kinetic studies were revealed that the
degradation process follow pseudo first order kinetics.
© 2020 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under

the CC BY-NC-ND license (http:/fcreativecommons.org/flicenses/by-nc-nd /4.0/).

1. Introduction

The degradation of pollutants under visible light using a semi-
conductor material synthesised by an easy route have been a
hot research subject at any point of time. Materials like
TiO,, CdSe, WO;, Bi; WO, BiOs, NiTiO;, ZnO and carbon
dots, C3N4. Boron nitride quantum dots etc. have already
reported as active materials for the degradation of dyes other
organic pollutants including microbial contaminants and
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antibiotic pollutants, water splitting, hydrogen production
solar cells etc. [1-5]. Among these, TiO; has a unique position
in the field mainly due to its high photo-activity and stability.
low cost, and its benign nature. The spectrum of activity of
TiO> includes degradation of organic pollutants [6] treatment
of endocrine disrupting compounds (EDCs) and emerging con-
taminants [7]. Bisphenol A (2, 2-bis (4-hydroxyphenyl) pro-
pane, BPA) is a representative xenoestrogens typically used
in the manufacturing of numerous chemical products [8] and
is suspected to several adverse effects including endocrine dis-
ruption [9]. Huge quantity of BPA directly discharged into
water sources from different industrial sectors. In 2010, the
United States Environmental Protection Agency (EPA)
reported that over one million pounds of BPA were released
into the environment annually, and the possible hazards to
foetuses, infants and young children were identified by the
United States Food and Drjug Administration (FDA) [6]. This
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Chapter 6

SUMMARY AND SCOPE OF
FUTURE WORK

6.1 | Introduction
6.2 Summary

6.3 Scope of future work

Chapter 6 illustrates the relevance of the research work carried out and
outlines future scope and aims to enhance the potential of Titania hybrids for
a number of applications...




Summary And Scope of Future Work

6.1 Introduction

This research work has been done on titanium-based hybrids, in
particular in the area of anti-corrosion and wastewater treatment
applications. We have successfully created titania and their hybrids as
an efficient adsorbent, photocatalyst, superhydrophobic coating on
cotton fabric to eliminate contaminants from water resources, and

anticorrosive protective coating.
6.2. Summary

1. First objective of the study was to fabricate environmentally
benign coatings to replace environmentally hazardous chromate
conversion coatings on mild steel for corrosion protection. In
this regard titania, titania—poly vinyl alcohol (PVA) hybrid,
thiourea doped titania—poly vinyl alcohol (PVA) hybrid
nanocomposite anticorrosion coating on mild steel has been
successfully developed via sol-gel dip-coating method. The
adopted method was a simple, facile and eco-friendly. The
characterization of the coatings was done using different
analytical techniques. The corrosion protection ability of these
sol—gel coatings were evaluated by weight loss, impedance
spectroscopic studies (EIS), and polarization measurement
(PDS) in HCI and NaCl media. Among these coatings thiourea
doped titania—poly vinyl alcohol (PVA) hybrid was found to be
the best choice. Moreover, the modified coating on metal offers
attractive protection efficiency on extending the exposure

period in HCI and NaCl media for several days, which is much
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better than conventional sol-gel coating which losses efficiency
day by day. The protective layer consists of a compact structure
of hybrid PVA-titania and electron rich thiourea molecules on
the surface of the metal offering significant physical barrier

against the attack of corrosive species from HCI and NaCl.

The second objective was to develop some materials for water
pollution remediation applications. For this we have developed
the synthesis of mesoporous inorganic — organic hybrid TiO> -
PVA. It has remarkable adsorption selectivity for methylene
blue (MB), from the mixture of methylene blue and methyl
orange (MO) in aqueous environment. The hybrid can be
utilized as an adsorbent to remove Acridine Orange (AO) and
Methylene blue (MB) dye from aqueous environment. The
material was selective for cationic dyes. MB adsorption on
nanocomposite was investigated under various experimental
conditions, adsorption kinetics and isotherms were studied. The
recyclability of the sorbent for over 10 cycles could be

achieved in acid solution with good activity.

The third objective was to study the photocatalytic properties of
the titania composite for the degradation of endocrine
disrupting contaminant BPA present in water under visible
light. Various radical scavengers were introduced to understand
the role of reactive species and found that the major
contribution was from <OH radicals. To confirm this

fluorescence technique was done and the results support the
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chemical examination and based on the results a

comprehensive route is proposed for the degradation of BPA.

4. The fourth objective of the study was to develop a super-
hydrophobic surface using these hybrid materials by coating on
cotton fabric via sol-gel process for the removal of oils from
water. To attain this Titania-Silica hybrid was modified with
GPTMS and HMDS in order to make fluorine and chlorine free
coated fabric. The mechanical and chemical durability of the

coating was evaluated and coating was robust in all conditions.
6.3. Scope of future work

This work can be further extended for diverse practical

utilizations like.

1. Anticorrosion coatings have been produced without the use of
adhesive primers such as epoxy resins. It is possible to develop
coatings with such BPA free primers, which could certainly
improve the durability of the coatings. In addition, we can
implement a hydrophobic polymer like PDMS in to titania
matrix and that will definitely enhance the anticorrosion
property. We have developed coatings for mild steel substrates

this can be utilized for other metals like Al.

2. In order to make the adsorbent more efficient and separable,
the hybrid can be made into magnetic with ferric oxide. Titania
hybrid can be utilized properly and extended for the removal of

other pollutants especially for radioactive elements.
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3. The photocatalytic activity of titania hybrids can be extended to
the degradation other relevant pollutants and the material can
be deposited on different matrix for further applications such as

self-cleaning.

4. Property of coatings on cotton fabric from superhydrophobic to
superoleophobic can be tuned to suit the needs. This will allow
oils to be collected from bulk waste water resources. It was
concluded that titania hybrids have enormous potential in
different fields.

Scientific discovery and scientific knowledge have been achieved only by
those who have gone in pursuit of it without any practical purpose
whatsoever in view.

Max Planck
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