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PREFACE

Chemical pollutants are harmful substances for human beings and for the
environment. Conventional methods of water and air decontamination, even if
effective, are often chemically, energetically and operationally intensive and
suitable only for large systems; moreover, the residuals coming from intensive
chemical treatments can add to the problems of contamination. Research and
development on various systems and technologies have extensively been
performed worldwide to find solutions for energy and environmental problems.
Among this, Photocatalysis by semiconducting materials, an advanced
oxidation processes developed in recent decades, has proven to be a promising

technology for environmental remediation.

Photocatalysis is the catalysis of a spontaneous chemical reaction where
light is required for the catalyst to function. A photocatalyst can transform
light energy into chemical energy by creating strong oxidative and reductive
species which greatly enhance the rate of the spontaneous reaction. Studies
related to photocatalysis have increased immensely over the past few years and
currently well over 1000 research papers are published annually. Titanium
dioxide (TiO,) is usually the material of choice for photocatalytic applications
because it has been frequently found to possess the best activity and stability
when compared to other materials. Buts its activity limited to UV irradiation
based on bandgap. Lot of modification is still progressing to attain visible light
irradiation with very high photocatalytic activity.

During the last years the main goal of research on photocatalysis was to
find the best photocatalyst. This was pursued by trial and error methods. In
present study we prepare a modified titania with nonmetal through tried a trail

and error method to attain its application in visible light region. The prepared



catalysts are characterized by various techniques and correlated it with its
activity. The visible light performance of the prepared catalysts is evaluated by
degradation of some aqueous dyes and organic pollutants, production

hydrogen through water splitting reaction and an antibacterial study.

This thesis is entitled as “Studies on photocatalysis by nano titania
modified with non-metals™ based on experimental work carried out during the
years 2007-2011 in the laboratory of Department of Applied Chemistry,

Cochin University of Science and Technology.
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Photocatalysis by Titania - Introduction

Catalysis and Photocatalysis

Titania-a Semiconductor Photocatalyst
Structure of Titania

Mechanism of Photocatalysis

Different Methods of Preparation
Drawbacks and Modifications

Scope of Present Study

Photocatalysis and related phenomena are now well known and
well recognized. Recently the photo catalytic activity of material
with titania and its modified forms become a leading compound due
to the significant positive results on its major application in various
fields. Few of them are solar cell efficient producer of electrical
energy, environmental clean up — removal or degradation of organic
pollutants, antimicrobial activity, energy production- hydrogen
generation etc. (1). These facts are indicated by doubling or
redoubling of scientific research papers on photo chemistry of

titania based compounds on last decades (2).

The enormous efforts to the research on TiO, material begins with the
discovery of photocatalytic splitting of water on a TiO, electrode
under ultraviolet (UV) light by Fujishima and Honda in 1972. It led
to many promising applications in the areas ranging from
photovoltaics and photocatalysis to photo-/electrochromics and
sensors. These applications can be roughly divided into “energy”
and “environmental” categories. Many of them depend not only on
the properties of TiO, material itself but also on the modifications

of TiO; host material and its interaction with the environment (3).
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1.1 Catalysis and Photocatalysis

Catalysis is the action of a catalyst on a reaction; and a catalyst is a
substance that increases the rate of reaction without modifying the overall
standard Gibbs energy change in the reaction. Catalysis was not a process
which developed in recent years. It is a natural process associated with the
beginning of life itself. The favorability of a catalytic reaction compared to
other processes in the fact that it takes place at low temperature, gives highly
selected targets of our interest, less expensive, easily controllable,

environmentally clean etc.

Catalysis can be two types: homogeneous and heterogeneous. In
homogeneous catalysis, reactant and catalyst are in the same phase. Acid base
catalysis, enzyme catalysis etc. are examples of homogeneous catalysis. In
heterogeneous catalysis reactant and catalyst are in the different phase.
Catalysis by metals and semiconductors are examples. Here reactions occur at

the interface between the phases.

The conversions of waste and raw materials into energy, reduction of
green house gases, conversion of monomers into polymer, production of
material from cheap source etc. are the key roles of catalyst. Thus there is a
tremendous pressure exerted on chemical manufacturing industry to develop
new synthetic methods that are environment friendly and more acceptable by
the catalysis field for the production of economic products. Photocatalysis

plays a key role in this situation.

In 1930 onwards the term “photocatalysis” was introduced and often
used in the scientific literature. The TUPAC recommended definition for
photocatalysis as “a catalytic reaction involving light absorption by a catalyst
or a substrate”. Salomon in 1980s subdivided photocatalysis into two main

classes: (i) photon generated catalysis, which is catalytic in photons and

s @epai’tment qfﬂppﬁeJCﬁemlstry, CUSAT



Photocatalysis by Titania - Introduction

(i1) catalyzed photolysis, which is non-catalytic in photons. In photo generated
catalysis, ground states of the catalyst and the substrate are involved in the
thermodynamically spontaneous (exoergic) catalytic step. By contrast, in
catalyzed photolysis either the nominal catalyst or the substrate or both are in

an excited state during the catalytic step (4).

A photocatalyst (or catalyst) is a solid material, need to satisfy the
following events: (i) the molecule is adsorbed on the particle surface; (i1) the
molecule undergoes chemical transformation while visiting several reaction
surface sites by surface diffusion and (iii) the intermediate or product molecule
is subsequently desorbed to the gas phase or to the condensed phase (5). The
interactions between the reactant molecule and the photo catalyst’s surface site
must be such (not too strong or not too weak) that bond breaking and bond
making can take place within the residence time of the intermediate(s), and

that desorption/adsorption can occur.

There are two different approaches for photocatalysis. These are,
(i) from chemistry to catalysis to photocatalysis (i.e. equation 1.1— 1.2— 1.4)
and (ii) from chemistry to photochemistry to photocatalysis (i.e. equation
1.1— 1.3— 1.4). So we can define a photocatalysis based on these approaches.
Thus in a broad sense, the term photocatalysis describes a photochemical
process in which the photocatalyst accelerates the process, as any catalyst must

do according to the definition of catalysis.

A > B o (1.1)
A + Catalyst > B + Catalyst .......ccccocevvevevereeeeene. (1.2)
A +hU 9B s (1.3)
A + ho Catalyst > B+ Catalyst .......ccccooeevevieiiiieienn, (1.4)

Department of Applied Chemistry, CUSAT s
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The catalyst may accelerate the photoreaction by interacting with the
substrate(s) either in its ground state or in its excited state or with the
primary product (of the catalyst), depending on the mechanism of the
photoreaction. Thus photocatalysis is a catalytic process occurring on the
surface of semiconductor materials under the irradiation of light.
Photocatalysis involves three processes: the excitation, bulk diffusion and
surface transfer of photo induced charge carriers. These processes are
influenced by the bulk structure, surface structure and electronic structure of

the semiconductor photo catalysts (6).

1.2 Titania—a Semiconductor Photocatalyst

Semiconductors act as catalysts for many chemical reactions.
Oxidation, hydrogenation, hydroxylation etc are examples. The catalytic
properties of semiconductors are very closely related to the electronic
processes occurring inside and on the surface of them. It is determined by its
nature and electronic state. Impurities introduced into the semiconductors
also influence the activity. Heterogeneous photo catalysis by semiconductors
is an emerging field of study. The only difference of photo catalytic reaction
with conventional catalysis is the mode of activation. In photocatalysis the

thermal activation is replaced by photonic activation.

A question arises why the semiconducting materials acts as very good
photo catalysts. The explanation is as follows, semiconductors are materials
with conductivity between that of metals and insulators. Their band gap (E v,),
which is the energy gap between the valance band (highest occupied band) and
conduction band (lowest unoccupied band), is between that of metals and

insulators are shown in Fig. 1.1.

s @epai’tment qfﬂppﬁeJCﬁemlstry, CUSAT
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CB CB CB

(a) (b) (c)

Fig.1.1. Band structure of (a) metals, (b) insulators and (c) semiconductors

A photocatalytic reaction proceeds through the excitation of electron
from the valance band to conduction band by absorption of light. In metals the
valance band and conduction bands are merged together, as a result there is no
bandgap. So either reduction or oxidation happened depends upon band
position. But insulators need a high energy for excitation process because the
bandgap is very large. Thus, compared with metals and insulators,
semiconducting materials act as vey good photocatalysts because of their
medium band gap. There are lots of semiconducting materials available as

photocatalyst. A few of them with band gap structure are shown in Fig. 1.2.

An ideal semiconductor photocatalyst should be chemically and
biologically inert, photo catalytically active, non-photo corrode, easy to
produce and use, activated by sunlight, environmentally and economically
acceptable etc. It was surprisingly noted that, among the various
semiconductors, none of them become an ideal photocatalyst by satisfying all
conditions. Thus only a few of them are effectively termed as very good
semiconductor photo catalysts. Titania becomes one such of candidate. Because
it displays the features of an ideal semiconductor photocatalyst with the
exception that it does not absorb visible light. The bandgap of titania is 3.2 eV,

which corresponds to the UV range of electromagnetic spectrum. Thus the

Department of Applied Chemistry, CUSAT s
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activity of titania is limited to UV region, which is around 5-10% of solar
spectrum. Despite this limitation, the other positive features to titania make it a
prominent semiconductor material and widely studied in the field of
semiconductor photochemistry. Most of the early works in semiconductor
photocatalysis focused mainly on the photo mineralization of organics
dissolved in aqueous solution and semiconductors are employed in the form of
a powered dispersion. As a result, a number of commercial devices currently in

market utilize titania in the form of powder dispersion.

[NHE]
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5 1 32
3_ 1 . — ——

Fig.1.2. Schematic representation of various semiconductors
with its band gap

ZnO has characteristics similar to that of TiO, and seems to be a suitable
alternative to TiO,. But it dissolves in acidic solutions and therefore cannot be
used for technical applications. Other semiconductor particles (for example,
CdS or GaP) absorb larger fractions of the solar spectrum than TiO, and can
form chemically activated surface-bond intermediates, but unfortunately, such
catalysts get degraded during the repeated catalytic cycles usually involved in

heterogeneous photocatalysis(7).

. (Department qf}lppﬁeiCﬁemistry CUSAT




Photocatalysis by Titania - Introduction

Compared with other semiconductor photo catalysts, TiO, based photo
catalysts have been most widely investigated in the past decades. So far, many
comprehensive review articles have reported the advances made in the field of

Ti0O,-based photocatalyst (6).

Titania has following advantages over others. These are

=  Non photocorrsive
=  High redox ability
=  High efficiency

=  Low cost

=  Chemically inert

=  Non toxic

=  Eco friendly

1.3 Structure of titania

Titanium dioxide can exist in the crystalline and amorphous forms. The
amorphous forms of titania is photo catalytically inactive. It mainly exist in three
crystalline forms - Anatase, Rutile and Brookite (Fig.1.3), in which brookite
structure is less important in the field of photocatalysis, because it is very

difficult to obtain it in the pure form.

Fig.1.3. Bulk structures of (a) anatase, (b) rutile and (c) brookite

Department of Applied Chemistry, CUSAT
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Figure 1.4 shows the unit cell structure of the titania crystal where the
grey spheres are oxygen atoms and black spheres are Ti. The structure of rutile
and anatase can be described in terms of chain of TiOg octahedra. The two
crystal structures differ by the distortion of each octahedra and by the
assembly pattern of the octahedral chain. Each Ti*" ion is surrounded by an
octahedron of six O* ions. The octahedron in rutile is not regular, showing a
slight orthorhombic distortion. The octahedron in anatase is significantly
distorted so that its symmetry is lower than orthorhombic. In rutile structure
each octahedron is in contact with 10 neighbours (two sharing edge oxygen
pairs and eight sharing corner oxygen atoms) while in the anatase structure
each octahedron is in contact with eight neighbours (four sharing an edge and

four sharing a corner) (1).

P
‘;;
|

Fig.1.4. Unit cell of TiO,

Usually, amorphous titania crystallizes into anatase around 400 °C,
which is further converted into rutile from 600 to 1100 °C. The temperature
for transition can vary from 400 to 1100 °C depending on the type and amount
of additives, methods of preparation, reaction atmosphere, oxygen to metal
coordination, particle size, morphology, degree of agglomerization and so on.
At atmospheric pressure, the transformation mainly depends on treating time,

temperature and is also function of impurity concentration (8).

Department of Applied Chemistry, CUSAT
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In general, anatase (Ey, = 3.2 €V) gives better photocatalytic results than
rutile (Epg = 3.0 V). This is because in anatase, the bottom of the conduction
band is located more negative than that of rutile, which results in the
production of photo generated electrons with higher reduction potential (9).
Another fact related to lower activity of rutile is attributed to its preparation
temperature. Normally rutile is obtained by the calcination of amorphous
titania to the temperature higher than that for anatase. At higher temperature,
there was a possibility of agglomeration of the particles. This results in the
increase of particle size though decreasing the surface area. These are the

crucial criteria for the better activities of a photocatalyst.

The titanium has no electrons in its valence shell when it is in the
oxidation state of +4, resulting in an empty t,, band. The bandgap is the gap
between the filled p-band (valence band) and the empty t,, band (conduction
band). Molecular orbital diagram is shown below. (Fig. 1.5)

EAN

t2g-band

20

Fig.1.5. Energy level diagram of titania
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1.4 Mechanism of Photocatalysis

Upon irradiation of titania semiconductor with light energy greater
than its band gap (Ep,) generates photo excited species such electrons and
holes on conduction band (CB) and valance band (VB) of semiconductor
material respectively. These can be diffused and/or migrated to the
semiconductors surface (Fig. 1.6.). The promotions of electrons are also
related to the thermally activated production of defects within the materials
as the time and/or temperature of the calcination process increases. This
process is sometimes referred to as metallization of the semiconductor (1).

- = =
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Fig.1.6. Schematic representation of light irradtion
on semiconductor material

The photo excited species such as electrons and holes may undergo
following events (a) recombination in the bulk, (b) recombination at the
surface, (c) reduction of a suitable electron acceptor (A) adsorbed on the
surface by the photo generated electron and (d) oxidation of a suitable electron
donor (D) adsorbed on the surface by the photo generated hole which can
shown on Fig. 1.7 (10).

s @epai’tment qfﬂppﬁeJCﬁemlstry, CUSAT
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Fig.1.7. Events of photo excited species takes place
on semiconductor Surface and Bulk

Electron-hole recombination is promoted by defects in the
semiconductor material. So most amorphous semiconductor materials show
little photo catalytic activity. No photo catalytic activity was observed when
the recombination of electron-hole pair takes place and it generates heat. In
other circumstances, if an electron donor molecule (D) is present at the
surface, then the photo generated hole can react with these molecules to
generate an oxidized product, D*. Similarly, if there is an electron acceptor
molecule (A) present at the surface, then the photo generated electrons can
react with them to generate a reduced product, A~ (Equ. 1.5) (11). The overall
reaction can be summarized as follows and it can be schematically represented

on Fig. 1.6

Organic Pollutant+ Semiconductor /hv —CO, +H,0 ......... (1.6)

Fig 1.8 shows the schematic representation of redox reaction taking place

on the photocatalyst materials. The description is as follows: The photo generated

Department of Applied Chemistry, CUSAT s
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holes on the surface can react with surface hydroxyl groups to generate adsorbed

hydroxyl radicals (OH®) which in turn can oxidise the pollutant molecules.

Where as the photo generated electrons on the surface can react with adsorbed
oxygen to generate superoxide anion (Q3") which can be subsequently reduced to
hydrogen peroxide and then water. The intermediate species hydroperoxide

(OH}) produced can act as a further source of hydroxyl radicals (OH"). The

process appears to involve the initial oxidation of surface hydroxyl groups on the
TiO; to hydroxyl radicals which are then oxidised the organics and any subsequent

intermediate/s. The reductions of oxygen by photo generated electrons generate
superoxide anion (Q3) as an initial reduction product. The latter species can be

further reduced to hydrogen peroxide, which is intermediate in the overall
reduction of oxygen to water. Some of the mineralization of the organic pollutant
is brought about by oxidising species such as hydroxyl radicals generated via the
reduction of oxygen by photo generated electrons (7,11-13,). The efficiency of a
photocatalyst depends on the competition of different interface transfer processes
involving electrons and holes and their deactivation by recombination. The
semiconductor photocatalytic process is a complex sequence of reactions that can

be expressed by the following set of equations (Equ. 1.7-1.18) (14,15).

PV irradiation
L<390nm
F Y .;/"' ¥: .y
L " b,
Conduction Band ) Adserption (O,
y i, g Adsacr -
‘l{r’ \”'_"‘-} Redhyction £OF, } [
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| I|II»!J::L'|.unhim:i-'l.lrL : ; -n._l- A
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\ 12V o 2 Onidation (P4 ) A
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Fig.1.8. Photocatalytic redox reactions on titania surface
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TiQ2 —Semiconductor/be_y o= 4 h* — 5 Recombination ...... (1.7)
h* +H,0,, —>TiO, + OHugs H' oo (1.8)
h* 4 OH sts ——>TiO, + OHads wevvrrerrerrrreserreseesere (1.9)
SVTO T S 1 S (1.10)
o) C I J N (1.11)

The oxidative pathway leads, in many cases, to complete mineralization
of an organic substrate to CO, and H,O. In reductive path, generally, A is
dissolved O,, which is transferred in superoxide radical anion (O,") and can

lead to the additional formation of HO".

€ F Auds —> A ddsererreereereeeeeeree e, (1.12)
e+ Opas + H > HO, «——> O3 +H o, (1.13)
HO, +e +H —— HyOp oo (1.14)
2HO, —— HyO0+ Oneee o, (1.15)
H,O,+hvo > O; > OH+O,+0OH  .............. (116)
HyO2 +ho ——> 20H oo (1.17)
200+ € ——> OH+OH oo, (1.18)

In general, the electron-hole recombination on most semiconductor
materials is usually very fast, e.g. typically less than 10 ns for TiO,. However,
if a hole scavenger is added to this, it is possible to remove some of the photo
generated holes and effectively trap the photo generated electrons for a
sufficient time to allow their transient absorption spectrum to be recorded.
Similarly, if an electron scavenger is added, the transient absorption spectrum

of trapped photo generated holes can be determined.
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The rate of both oxidation and reduction reactions should be equal. If
the rate of reduction is slow, the excess electron will be accumulated in the
conduction band, which favours the recombination of electron-hole pair. In
the other case, the excess holes will be accumulated in the valence band,
resulting in a similar situation. In this situation, the addition of sacrificial
agents (electron donor or acceptor) is necessary to increase the efficiency of
the process. The choice of the sacrificial agents depends on the nature of the

process.

In addition to light absorption, the other parameters like band gap,
surface area, crystallite nature, crystallite size, crystal phase, crystal purity,
morphology, calcination temperature, rate of interfacial charge transfer, carrier
density and stability are also essential for photocatalytic activity. In addition to
all, method of preparation play a key role on photocatalytic activity. The exact

mechanism behind it is still not clear with solid proof.

1.5 Different methods of preparation

There are various methods available for the preparation titania with
varying degree of photocatalytic activity. They are Sol-gel method, Sol
method, Micelle and inverse micelle method, Hydrothermal method,
Solvothermal method, Direct oxidation method, Chemical vapour deposition
method, Physical vapour deposition method, Electodeposition method,

Sonochemical method, Microwave method etc.

In sol-gel process, a colloidal suspension, or a sol, is formed from the
hydrolysis and polymerization reactions of the precursors, which are usually
inorganic metal salts or metal organic compounds such as metal alkoxides.
Complete polymerization and loss of solvent leads to the transition from the
liquid sol into a solid gel phase. It can be further converted into thin film, wet

gel, or powder in nano scale on further drying and heat treatment using
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proper techniques. An aerogel, highly porous and extremely low-density
material is obtained if the solvent in a wet gel is removed under a supercritical

condition (3, 16-19).

Micelles are the aggregates of surfactant molecules dispersed in a liquid
colloid when the concentration of surfactant exceeds the critical micelle
concentration (CMC). In micelles, the hydrophobic hydrocarbon chains of the
surfactants are directed toward the interior of the micelle, and the hydrophilic
groups of the surfactants are directed toward the surrounding aqueous medium.
Reverse micelles are formed in non aqueous media, and the hydrophilic head
groups are oriented toward the core of the micelles while the hydrophobic
groups are oriented outward toward the non aqueous media. The sol method
refers to the non-hydrolytic sol-gel processes and usually involves the reaction
of titanium chloride with a variety of different oxygen donor molecules, e.g.,
a metal alkoxide or an organic ether. Surfactants have been widely used in the
preparation of a variety of nano particles with better size distribution and

dispersity. (3, 20-27).

Hydrothermal synthesis is normally conducted in steel pressure vessels
called autoclaves with or without Teflon liners under controlled temperature
and/or pressure with the reaction in aqueous solutions. It is a method that is
widely used for the production of small particles with different morphologies.
If we use non-aqueous solvent instead of water in hydrothermal process, then it
is called solvothermal method. The solvothermal method normally has better
control of the size, shape distributions and the crystallinity of the TiO,
nanoparticles than hydrothermal methods. Oxidation of titanium metal using
oxidants or under anodization gives titania nano-materials. The formation of
crystalline titania occurs through a dissolution precipitation mechanism.
Addition of inorganic salts control the crystalline phases of titania nano rods

(3,28-34).
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Deposition of any material in a vapour state are condensed to form a
solid phase are called vapour deposition. The process carried without any
chemical reaction is called physical vapour deposition (PVD) otherwise; it
is called chemical vapor deposition (CVD). CVD methods such as
electrostatic spray hydrolysis, diffusion flame pyrolysis, thermal plasma
pyrolysis, ultrasonic spray pyrolysis, laser-induced pyrolysis, and ultronsic
assisted hydrolysis etc. are sued for the preparation of titania nano
materials. Methods like thermal deposition, ion plating, ion implantation,
sputtering, laser vaporization, and laser surface alloying etc. are used in
PVD for the preparation of nano titania materials. In electrodepostion, a
metallic coating is produced on a surface by the action of reduction at the
cathode. The substrate to be coated is used as cathode and immersed into a
solution which contains a salt of the metal to be deposited. The metallic

ions are attracted to the cathode and reduced to metallic form (3).

In sonochemical method an ultrasound has been used for the synthesis
of a wide range of nano structured materials with high-surface area. It
arises from acoustic cavitations: the formation, growth and collapse of
bubbles in a liquid. Cavitational collapse produces intense local heating
(~5000 K), high pressures (~1000 atm.), and enormous heating and cooling
rates (>109 K/s). In Microwave radiation method a dielectric material can
be processed with energy in the form of high-frequency electromagnetic
waves. The principal frequencies of microwave heating are between 900
and 2450 MHz. The major advantages of using microwaves for industrial

processing are rapid heat transfer, volumetric and selective heating (3).

These methods have their own advantages and disadvantages for the
preparation of titania with varying degree of photocatalytic activity. Among

this sol-gel gets some advantage over others as follows.
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=  Preparation normally carried out at room temp
*  Chemical conditions are mild

= Gives better surface area

=  Gives better pore sized particles

=  Gives better nano scaled particles

= Gives high purity products

Despite all these advantages, it has some disadvantages also. The
precursors are often expensive and sensitive to moisture, the process is little
time consuming, required careful attention for ageing and drying, dimensional
change on densification, shrinkage and stress cracking on drying etc. These
significant limitations are not sufficient to avoid this method with comparing

their advantage over others.

Sol-gel process can be classified as colloidal and polymeric based on the
starting materials and the precursor (metal organic compound or an aqueous
solution of an inorganic salt). One fundamental difference between them is that
in colloidal path(precipitation-peptisation), the sol-gel transition is caused by
physiochemical effect without the creation of a new chemical bonding in
contrast to a chemical reaction, a polymerization or a poly condensation
reaction as in the case of polymeric path (35,36). Synthesis of titania nano
materials using sol-gel method normally proceeds via an acid-catalyzed
hydrolysis of titanium (IV) alkoxide, as titanium precursor followed by
condensation (37,38). The formation of Ti-O-Ti chains is favoured with
low content of water, low hydrolysis rates, and excess titanium alkoxide in
the reaction mixture which results in the three dimensional polymeric
skeletons with close packed structure. It was noted that the average titania
nano particle radius increases linearly with time, in agreement with the
Lifshitz-Slyozov- Wagner model for coarsening (38). Modifying the precursor
characteristics by involving different solvents and by using gel modifiers, we

can prepare titania of specific properties.
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1.6 Drawbacks and modifications

The wide spread application of titania as a photocatalyst began from the
discovery of photodecomposition of water on titania, which extents its application

in the area of photo catalytic degradation of organic and inorganic pollutants.

The presence of defects such as oxygen vacancies play an important role
in photocatalytic activity imposed by titania surface. The presence of these
defects changes the electronic structure of material. These defects also cause
the electron-hole recombination process which depends on charge transfer and
which occurs when the substrate material is exposed to photon energy higher

than the bandgap (1).

The high efficiency of titania is limited to the absorption of light in the
UV region based on its wide band gap. The band gap of bulk titania lies in the
UV regime (3.2 eV for anatase). Our solar system consist around 4- 8 percent

UV light and 40-50 percent of visible light

Even though it acts as a very good photocatalyst, it has got some

drawback. Among this the two important ones are

=  Easy recombination of photo excited species

=  Poor activity in visible region.

There are number of ways in which the recombinations of charge
carriers are possible. The concentration of charge carriers upon UV excitation
in any semiconductor is decreased by recombination process, leading to the
destruction of active electron-hole pair. Shockley-Read-Hall model is one of
such non-radiative recombination process widely used in the case of titania. In
the Shockley-Read-Hall mechanism, four transition processes may occur,
These are (i) electron capture (ii) electron emission (iii) hole capture or (iv) hole

emission. This model assumes that the semiconductor is non-degenerate and
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that the density of trap sites is relatively small compared to the majority carrier
density present in the material. This model describes the capture of mobile
electrons and/or holes at trap sites within the semiconductor. The electron (or
hole) is trapped by elimination via recombination with holes from the valence
band (or electrons from the conduction band). The active sites for electron or
hole trapping may vary and are usually described as defect states within the

crystal due to interstitial atoms, defect states, or grain boundaries etc (1,39,40).

Most studies of the photochemical filling of trap states have concerned
electron trapping. When an electron trap becomes filled, the Fermi level
crosses the energy level of the trap and the trap becomes inactivated for further
electron capture. This trap saturation effect can enhance the lifetime of photo
generated charge carriers and can improve the quantum yield of carriers at
higher light intensities. The electrons from these trap sites can be observed by

various methods following thermal excitation into the conduction band (1,41).

The reaction rate for any photochemical process that occurs on the
substrate is directly affected by the rate of recombination of photo excited
electrons and holes. The rate of recombination depends on factors such as
charge trapping, the chemisorption or physorption of target molecules, the
incident light intensity etc. Sometimes a sacrificial electron or holes
scavengers is used to decrease the recombination rate which leads to increase
the lifetime of the other charge carrier. Anpo et al. reported that adsorbed
molecular oxygen is, most frequently, referred as electron scavenger used to
prolong the lifetime of photo generated holes. The adsorbed oxygen molecule
readily accepts an electron to become the superoxide ion, which are detected
by IR spectroscopy (42-44) and/or EPR (20). For photo produced holes,
commonly employed scavenger molecules are methanol (21, 45-49),

propanol (50), ethanol (47), glycerol (51) and surface hydroxyl groups (52).
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The second limitation was modified by various research groups in
different ways with different degree of success. Modifications employed are
i) coupled with other semiconductors or sensitized with dyes, ii) doped with
metals ( called second generation photocatalysis) and iii) doped with non-

metals (called third generation of photocatalysis).

In the method of modification coupled with other semiconductors or
sensitized with dyes, (Fig.1.9) the absorption wavelength region of semiconductor
is extended to higher region by absorption by dye or other semiconductor
associated with it. The light absorption by these species excites electron from
ground state to excited state then the excited electrons transferred to the
conduction band of the titania semiconductors. In order to achieve the electron
transfer process from excited state to conduction band the potential of conduction
band should be more positive than the excited state. Some species which are used
for this purpose includes Ru(bpy)s **, porphyrin, merocyanine, CdS, CdSe, GaAs
etc. The solubility of the dye/coupled semiconductors in water and other
solvents and their stability are major disadvantages of the process. Some times
the coupled semiconductors undergo photo corrosion and affect the

photocatalytic activity of the semiconductor (53-56).

hy T ; ?
A\ N
Cd o\'\*\?‘g ‘
)

Fig. 1.9. Titania coupled with CdS semiconductor
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In metal doped titania (Fig. 1.10), a metal ion inserted on the titania
structure, which significantly enhance the photocatalytic efficiency either
by widening the light absorption range or by modifying the redox potential
of the photo excited species. The doped ions produce additional energy
levels between the valence band and conduction band on the titania
semiconductor, which enhances the light absorption in visible light by
decreasing the bandgap of titania. There are lots of reports available in
literature with both positive or negative results of titania modified with
different metal ions with different amount of dopant. Though, the doping of
metal ion increases the activity significantly, none of them shows stable
activity after certain time due to the instability of doped metal ion against
photo corrosion. Most times the doped metal ions itself act as electron-hole

recombination centers (13,57-63).

H.0 0 TiO,

Fig. 1.10. Titania doped with metal ion

Titania doped with non-metals (Fig. 1.11) such as C, N, S, P, B,
halogens etc, called the third generation of photocatalyst. They got greater
attention during the last decade due to their higher photocatalytic activity in
visible region. Asahi et al. first reported the idea of doping with non-metal

such as N on titania and also reported theoretical results from the substitution
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of C, N, F, P or S for oxygen atoms in the titania lattice. The great success of
anion doped titania with high activity in visible region is due to decrease of their
band gap either by mixing p orbital of the dopant with O 2p orbital and
generate a state just above the valence band or generate a mid-gap level of
dopants between the valence band and conduction band. Lot of theoretical
calculations has also been reported for the band gap alteration using anion doped
titania. Later the chemical state and composition of the dopants were well studied
using modern techniques. The incorporation of these impurities on titania network
generates some defects, which retard the easy recombination of the photo excited

species and enhance the greater photocatalytic activity (1,64-76).
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Fig. 1.11. Non-metal( N) doped titania

The density functional theory calculations showed that for anatase
samples, N doping results in a decrease in the photon energy necessary to
excite the material whereas for rutile samples, the opposite effect is
observed and is attributed to the contraction of the valance band and the
stabilization of the N 2p state, thus causing an overall increase in the

effective band gap (77-82).

s @epartment qfﬂppﬁefCﬁemlstfy, CUSAT



Photocatalysis by Titania - Introduction

1.7 Scope of present study

The current area of interest in this field of photocatalysis by titania is the
modification of TiO, sensitive to visible light. The present work aims to
prepare visible light responsive anion doped titania via sol-gel precipitation
method. The prepared catalysts were characterized by various techniques. The
photocatalytic abilities of the prepared catalyst were measured by the
degradation of dyes, pesticides, hydrogen production through water splitting
reaction and antibacterial study. We also compared the activities of prepared
catalysts with pure titania prepared in the laboratory and one of the

commercial anatase titania samples.

The objectives of present study involves

=  Prepare N doped and N S co-doped nano titania through sol-gel
precipitation method.
»=  Prepare modified catalysts with different amount of dopant source

and pure titania.

»  Physico chemical characterization of the prepared catalysts via.
XRD, UV-Vis DRS, BET surface area, SEM-EDX, TEM, RAMAN,
XPS, TG etc.

=  Photocatalytic efficiency of the prepared catalysts to be evaluated by
the degradation of dyes like Methylene Blue, Rhodamine B, Crystal
Violet and Acid Red 1.

»  To evaluate the degradation of organic pollutants (Collectively called
pesticides) like 2,4-Dichlorophenoxyacetic acid, Monolinuron,

2,4,5-Trichlorophenoxyacetic acid and Aldicarb.

=  Hydrogen production through photocatalytic water splitting in

visible region

=  Anti bacterial study using Escherichia coli (E.Coli) bacteria.
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A suitable technique is needed to assess the structure and
properties of materials, which are also related to the nature of
material under investigation. Some techniques are qualitative,
which provide information such as appearance, presence,
morphology, whereas some other techniques are quantitative and
provide the information about chemical composition, exact size,
concentration etc. The recent technological developments assist to
obtain two or three dimensional information about the materials.
Therefore characterisation techniques are powerful tools to bring

out the invisible information of the samples into the light.
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2.1 Introduction

The world of catalysis is nothing without its characterisation. It gives a
better understanding of the relationship between catalyst properties and
performance. The physiochemical characteristic of a semiconductor catalyst
highly depends on the experimental conditions used for its synthesis. During
the characterisation, the sample is treated with suitable agents like photon,
electrons, or ions and we obtain lot of data which are related to the surface of
the catalyst. And these data are converted to suitable information about the
samples such as size, shape, phase, crystallinity, type of surface structure,
chemical composition (quantitative and qualitative) and the information
required to realize the mechanism of the processes proceeding on the surface
of the solid etc with proper software using computers. Spectroscopy,
microscopy, X-ray analyses are some of the important tools to obtain data from

the samples (1).

The important characterisation techniques to understand the different

physiochemical features of the materials are:

=  X-ray Diffraction(XRD)

=  UV-Visible Diffuse Reflectance Spectroscopy (UV-Vis. DRS)
*  Transmission Electron Microscopy (TEM)

=  X-ray Photoelectron Spectroscopy (XPS)

=  Scanning Electron Microscopy (SEM)

»  Thermo Gravimetric Analysis (TG)

=  Raman Spectroscopy
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2.2 Chemicals and Reagents Used

Chemicals Company

Titanium tetraisopropoxide Sigma Aldrich
Isopropy alcohol SRL (99.5%)
Urea Merck (99.0%)
Thiourea Merck
Commericial anatase titania Sigma Aldrich
Methylene Blue Sigma Aldrich
Rhodamine B Sigma Aldrich
Crystal violet Sigma Aldrich
Acid Red 1 Sigma Aldrich
2,4-Dichlorophenoxy acetic acid Sigma Aldrich
2,4,5-Tichlorophenoxy acetic acid Sigma Aldrich
Monolinuron Sigma Aldrich
Aldicarb Sigma Aldrich
Methanol Merck
Acetonitrile Merck
Trifluoroacetic acid Sigma Aldrich

2.3 Catalyst Preparation

The Catalytic activity strongly depends on the methods of preparation.
Small deviation in the preparation conditions sometimes gives large variation in
their activity. Therefore intense care should be taken for selection of methods,
with suitable experimental conditions for the preparation catalyst (2,3). Fig. 2.1
shows the schematic representation of the catalyst preparation. A novel sol-gel
precipitation method is used for the preparation of catalyst. In this method
titanium tetraisopropoxide is taken as precursor for titanium, isopropyl alcohol
as solvent medium, aqueous solution of urea as the source of dopant N and

aqueous solution of thiourea as the source dopants N and S.

Preparation of Nitrogen doped catalyst (N-TiO;): Take 1:10 ml volume

ratio of titanium tetraisopropoxide in isopropyl alcohol. To this solution, add
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aqueous solution of 10% urea dropwise and it was stirred mechanically for
12 hours. The obtained gel was aged for one day and dried at temperature

70 °C. The dried sample was calcined at 400°C for four hours.

Preparation of Nitrogen Sulphur co-doped catalyst (NS- TiO;): The
experimental conditions are same as the above except the source of dopant. In

this case aqueous solution 1% thiourea was taken.

To compare the amount of dopant against activity we also prepared
catalyst with dopant source amount above and below the amount mentioned in
the procedure. For this we prepare nitrogen doped catalyst with 5% and 12.5%
aqueous solution of urea and nitrogen sulphur co-doped titania with 0.5% and
2.0% aqueous solution of thiourea respectively. Also prepare pure titania in the
same method except the dopant source. All the chemicals were used as such

without any further purification.

TTIP / IPA

Urea / thiourea >

Solution

Stirred for 12 hours

l

Aged for 24 hrs

A\ 4

Dried at 70°C

A 4

Calcined at 400°C

Fig. 2.1. Schematic representation of catalyst preparation
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2.4 Catalyst Notations

N doped titania (5 % Urea) N-TiO, (1)
N doped titania (10 % Urea) N-TiO,

N doped titania (12.5 % Urea) N-TiO; (h)
N S co-doped titania(0.5% Thiourea) NS-TiO; (1)
N S co-doped titania(1.0% Thiourea) NS-TiO,

N S co-doped titania(2.0% Thiourea) NS-TiO; (h)
Undoped titania (prepared in lab.) L-TiO,
Commercial Anatase titania A-TiO,

2.5 Material Characterisation

The technique such X-ray diffraction, spectroscopy, nitrogen adsorption-
desorption, electron microscopy, thermo gravimetric analysis etc are used to
find the active nature of the prepared catalysts. These techniques are utilized to

interpret the structure and properties of the catalyst.

2.5.1 X-ray Diffraction (XRD)

X-ray diffraction is the one of most powerful tools used to determine
crystallinity, crystallite size, phase purity, phase composition, lattice
parameters, geometry, and identification of impurities, lattice defects etc of a
solid material. It is also used for both qualitative and quantitative analysis of
solid phases. It is a nondestructive technique and a standard method for the

characterisation of polycrystalline solids (4,5).

In this method X-rays interact with crystalline matter and undergoes
diffraction, produced by the reticular planes that form the atoms of the
crystal (5,6). When there is constructive interference from X-rays scattered
by the atomic planes in a crystal, a diffraction peak is observed. From the
diffraction patterns, the phase purity (7), degree of crystallinity and unit cell
parameters of the semiconducting materials can be determined (8, 9). From

the Bragg’s relation, nA = 2dsinf, we can calculate the distance between two
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(hkl) planes d by knowing the angle of diffraction (26). Where A = wavelength
of X-rays, n = an integer known as the order of reflection (h, k and | represent

Miller indices of the indices of the respective planes) (8).

The porous nature of the material also obtained from the XRD techniques.
The wide angle spectra (peaks in the 20 range of 10-70) give the micro porous
nature whereas the low angle (small angle, peaks in the 20 range of 1.0-10) gives

mesoporous nature of the materials.

XRD analysis can also be used to calculate the average crystallite or grain

size of the catalyst using the Scherrer equation as follows,
D= K21 /P Cos0

Where 0 and A are the Bragg angle and the wavelength of the X-ray used. K is
a constant approximately equal to 0.89; f is the full width half maximum of the

intense peak at 0 value.

One of the most important applications of X-ray diffraction is the phase
identification. Each crystalline powder gives a unique diffraction diagram,
called characteristic finger print, which enables the determination of phase
purity and the degree of crystallinity by comparing with a standard (a pattern),
taken from any X-ray powder data file catalogues, published by the American
Society for Testing Materials (JCPDS).

The X-rays are produced by bombarding either copper (Cu) or
molybdenum (Mo) with high energy electrons. The emitted X-rays are then
filtered or passed through a monochromater to produce Ko radiation from the
respective metal. CuKo possesses a wavelength of 1.541 A and MoKao. possesses a
wavelength of 0.709 A. Once the X-rays impinge on the sample, they diffract
from each of the exposed planes and a detector rotates around the sample

recording the intensities of diffraction at each angle. The angles at which the peaks
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are observed can be used to determine the interplanar spacing of atoms

(periodicity) or d-spacing for each crystal plane using Bragg’s Law (1).

The poweder X-ray diffraction analysis is performed by using Bruker
AXS D8 advance X-Ray Diffractometer with Ni filtered Cu Ko radiation
source( A = 1.5406 A°) by recording 26 in the range of 10-70 “at a scan rate of

0.5° /min.

2.5.2 UV-Visible Diffuse Reflectance Spectroscopy

Electronic transition in materials, most preferably in liquid state, is
studied by UV-visible spectroscopy. This method is applicable to the
materials which are soluble in suitable liquids. But in the case of insoluble
solids this method is not applicable. In such cases UV-Vis. Reflectance or
diffuse reflectance methods are used. The former is suitable for highly
reflective materials whereas later is applied for powdered samples and

roughened solids.

UV-Visible diffuse reflectance spectroscopy is a mnon-destructive
technique which provides the information about the structure and composition
of materials. In this method, the samples interact with light energy, absorption
and scattering takes place, producing a reflecting spectrum. It is performed
with the electronic excitation by the absorption of light. Electronic excitations
are two types, d-d transition and charger transfer (CT) transition. d-d transition
gives the information about the oxidation state and the co-ordination
environment of the samples, whereas CT transitions are intense and are

sensitive to the nature of donor and acceptor atoms.

The band gap of the semiconducting materials can be calculated from

UV-Vis. DRS spectrum using the equation,

E=hv =hc/A=1240/% (nm)
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One of the simple version of Kubelka-Munk equation where A is the

wavelength from which reflection taken place (10-12).

The UV Vis reflectance spectra were obtained in the range of 200-900 nm
on Labomed UV-VIS Double Beam UVD-500 spectrophotometer equipped
with an integrating sphere assembly, using BaSOj as reflectance standard with

a CCD detector.

2.5.3 Surface area measurements

Surface area measurements are commonly carried out by gas
physisorption method. Normally nitrogen gas is used for this purpose because
it is less expensive, easily available, inert and is able to penetrate even the
finest pores. The nitrogen physisorption measurements are performed at liquid

nitrogen temperature (77 K).

BET method has been widely adopted as a standard method for the
determination of surface area. This was introduced by Brunauer, Emmett and
Teller. In this method, adsorption is characterized by an isotherm, represents the
equilibrium amount of gas adsorbed on a solid at a given temperature as a
function of time. This theory assumes that materials possess uniform, localized
sites in which adsorption at one site is independent by others, adsorption is
multilayer, and the heat of adsorption at each layer is a constant and equal to the
liquefaction of the adsorbate. This theory is extended to Langmuir model to
multilayer adsorption. The BET equation can be represented as

P _ 1 N (C-1)P
V(P,-P) V.C CV_ P,

Here C is a constant for at a given temperature and is related to the heat
of adsorption, V is the volume adsorbed at equilibrium pressure P, V,, is the
volume of adsorbate necessary to form a monolayer on the surface and Po is

the saturation vapour pressure of the adsorbate.
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The BET equation holds a linearity between P / V (Po — P) and P / P,
with slope is equal to (C-1) / C V,;, and y intercept is equal to 1 / V,, C. From
the slope and y intercept Vy, can be calculated. The specific surface area is then

obtained by following relation
S.A (BET) = Vm Am NA / Vmol

According to equation, the specific BET surface area (S.A ggr) can be
calculated by knowing Vy,(calculated from BET method), Am= cross sectional
area of adsorbed gas (0.162 nm? for N2), Na= Avagadro number and Vo
molar volume of adsorbate gas at STP (2.414 mol™) (7, 13).

The BET surface area was measured using Micromeritics Tristar 3000
surface area analyzer. The samples were activated at 90 °C for 1 hour before

the analysis and then degassed at 350° C for 3 h under nitrogen flow.

2.5.4 CHNS Elemental Analysis

The CHNS elemental analysis is mainly applicable for organic
compounds and inorganic complexes. It gives both qualitative and quantitative
information about the percentage of the elements present in the sample. These
elements in the samples were oxidized to their oxides and amount of oxides are
calculated using proper techniques. From which the percentage of elements are

calculated.

In our case we are interested only on the qualitative information
about the presence of dopant elements N and S in the samples and the
CHNS elemental analysis was performed on a Elementar Vario EL III

apparatus.

2.5.5 Scanning Electron Microscopy

Scanning electron microscopy is one of the most widely used electron

microscopic techniques for the morphological analysis of the samples. It
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produces a high resolution image of the sample surface by measuring the
emitted electrons from the specimen. The interaction of a beam of electrons
with the specimen results in the generation of secondary electrons, back
scattered electrons, auger electrons, characteristic X-rays and photons of
various energies. Secondary electrons and back scattered electrons can form
images as well as supply atomic information about the sample. The secondary
electrons are originating from the surface, whereas the back scattered electrons
arise from the bulk, a three dimensional image of the material obtained from

SEM analysis with a resolution lower than that of TEM.

In SEM analysis, a thin coating of powdered samples on carbon tape
placed on a metal stub. A beam of electrons (primary electrons) is focused on a
spot volume of the specimen, resulting in the transfer of energy to the spot.
The emitted electrons, also known as secondary electrons are attracted and
collected by a positively biased grid or detector and then translated into a
signal. To produce the SEM image, the electron beam is swept across the area
being inspected, producing many signals. These signals are then amplified,
analyzed, and translated into images of the topography being inspected.
Finally, the image is shown on a cathode ray tube. X-rays are also produced
during the interaction of electrons with samples, which results in the
compositional information about the sample through energy dispersive X-ray

spectroscopy (EDX) equipped with SEM instrument (14-16).

The scanning electron micrographs of the samples were taken using
JEOL Model JSM-6390LV scanning electron microscope with a resolution
of 1.38 eV
2.5.6 Energy Dispersive X-ray analysis (EDX)

Energy dispersive X-ray analysis is a technique used to get the information

about the elemental composition of the samples. The energy of the X-ray emitted
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from the material by the interaction with beam of electrons depends on the
material under examination. By moving the electron beam across the material an
image of each element in the sample can be obtained. Lithium drifted silicon is
used as detector in EDX, which operated at liquid nitrogen temperature. When the
X-rays strike the detector, it will generate photoelectron, which causes the
generation of electron-hole pairs, which in turn generate the current pulses as
signal depending on the energy of incoming x-rays. EDX is always in conjunction
with the SEM analysis, because the X-rays are also produced during the
interaction of electrons with samples during the SEM analysis. EDX spectra of the
samples were recorded in a JEOL Model JED-2300 instrument (12,17).

2.5.7 Transmission Electron Microscopy

Transmission electron microscopy is another electron microscopic
technique with high resolution for the structural analysis. It resembles optical
microscopy, except electromagnetic radiations instead of optical lenses are
used to focus an electron beam on the sample. The transmission mode
measures the intensity from an electron source after it has passed through a
transparent sample. TEM also provides real space image on the atomic
distribution in the bulk and surface of a nano crystal. A combination of
topographic and crystallographic information gives particle size distribution
based on the assumption that the size of the imaged particle is truly
proportional to the size of the actual particle, independent of their
dimensions. It involves the irradiation of thin samples with high energy
electron beam and measure the imaging and angular distributions analysis of
the forward scattered electrons. It also gives useful information for the
characterisation and identification of various morphological phases of the

materials like cubic, hexagonal etc.

In Transmission electron microscopy, the sample is bombarded with a

highly-energetic beam of electrons in vacuum. Black and white images are
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formed by the passage of some electrons through the sample. The optics bring
the scattered electrons from the same point in the sample to the same point in
the image (the so-called bright-field image), in contrast, selection of strongly
diffracting regions of the sample, which would appear brighter than the
transmitted beam, is known as dark-field imaging. The magnified images are
recorded by hitting a fluorescent screen, photographic plate, or light sensitive
sensor such as a CCD camera and displayed in real time on a monitor or

computer.

By applying a selected area aperture and using parallel incident beam
illumination, we get an electron diffraction pattern from a selected area around
100 nm. Because a selected area diffraction pattern can be recorded from
almost every grain in poly crystalline materials, reciprocal lattices and mutual
crystal orientation relationship can be easily obtained. The high resolution
TEM images also provide the actual morphology with accurate particle size

and phase purity (1, 18-20).

The TEM analysis of the sample was carried out in ultrahigh resolution
analytical electron microscope JEOL 3010. A sonicated solution of the
sample in alcohol which evaporates on the TEM grid to from a dry film was

prepared.

2.5.8 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy is one of characterisation tools for the
determination of elemental composition of the material under investigation. It
is also one of the surface analysis techniques under ESCA (electron
spectroscopy for chemical analysis). In this method, core electrons are excited
by X-rays through photoelectric effect and the kinetic energy of the emitted
electrons is measured and their spectra are reported in terms its binding energy.

Depending on the chemical environment of atoms, the binding energy of core
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electrons varies slightly, which helps to get the information about the chemical
nature of elements present in the materials. It gives quantitative information

about the sample.

The binding energy of the ejected photoelectron depends on the final
state configuration after photoemission. The shakeup peaks may occur when
the outgoing photoelectron simultaneously interacts with a valence electron
and excites it to a higher energy level. The element with higher binding
energy shows its higher oxidation state, whereas the lower binding energy is

the evidence for an increased electron density around the element.

The binding energy of the photoelectron is characteristic of the orbitals
from which the photoelectron originates which undergoes full relaxations of all
atomic orbitals towards the hole in the core level. There exists a coupling
between orbit and spin angular momentum and is given by the spin-orbit
interaction. The spin-orbit interaction is very large for core holes and in
general two peaks or structures will be visible in the spectrum, separated by
the core hole spin-orbit splitting. The intensity ratio of 2p;, and 2ps; is 1:2
and that of 3ds» and 3ds» is 2:3. This rule breaks down if there are other
interactions which mix with spin-orbit splitting. The emitted photoelectrons
are collected by an electron energy analyzer such as a hemispherical mirror
analyzer to produce a spectrum of the number of electrons versus their binding
energy, which provides the quantitative information about the composition of

the near surface region of the sample (21-25).

XPS spectra were recorded in an indigenously developed electron
spectrometer equipped with Thermo VG Clamp-2 Analyser and a Mg Ka X-
ray source (1253.6 eV, 30mA x 8 kV). A thin sample wafer of 12 mm in
diameter was used in these studies. As an internal reference for the absolute

binding energy of C Is peak at 284.6 eV was used.
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2.5.9 Raman Spectroscopy

Raman spectroscopy is spectroscopic technique, named in honors of
Sir C. V. Raman, based on his valuable discovery of theory behind it. It is used
to study the vibrational, rotational and other lower frequency modes in
condensed matter physics and chemistry. It also provides the information about
the phase purity of the solid material under investigation. Raman effect occurs
when light impinges upon a molecule and interacts with the electron cloud of the
bonds of that molecule. The incident photon excites the molecule into a virtual
state. For the spontaneous Raman effect, the molecule will be excited from the
ground state to a virtual energy state, and relax into a vibrational excited state,
which generates Stokes Raman scattering. If the molecule was already in an
elevated vibrational energy state, the Raman scattering is then called anti-Stokes
Raman scattering. A change in the molecular polarization potential or amount of
deformation of the electron cloud with respect to the vibrational coordinate is
required for the molecule to exhibit the Raman effect. The amount of the
polarizability change will determine the Raman scattering intensity, where as the

Raman Shift is equal to the vibrational level that is involved.

The Raman spectra of the sample were collected on UV-Vis. Raman
spectrometer system (Horiba Jobin Yvon LabRam HR) and scattered photons

were measured with UV sensitive liquid nitrogen cooled CCD detector

2.5.10 Thermal Analysis

The thermal stability of a solid material is determined by the technique
called thermo gravimetric analysis and is reported as change in weight loss as
function of time. In addition to the stability, it gives the information about
drying range, hydration, decomposition temperature, phase change etc. Its
derivative mode of weight loss curve (DTG) can be used to tell the point at

which weight loss is most prominent. Some instruments also perform the
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recording of the temperature difference between the specimen and one or
more reference pans (differential thermal analysis or DTA) or the heat flow
into the specimen pan compared to that of the reference pan (differential
scanning calorimetry or DSC). A plot of the differential temperature, AT,
against the programmed temperature, T, indicates the transition temperatures
with its exothermic or endothermic nature. When an endothermic change
occurs, the sample temperature lags behind the reference temperature because
of the heat in the sample. Exothermic behaviour is associated with the decrease
in enthalpy of a phase or a chemical system. DTA and thermo gravimetric

analyses are often run simultaneously on a single sample.

The thermo gravimetric measurement is normally carried out in air or in
an inert atmosphere, such as Helium or Argon. The analyzer usually consists of
a high-precision balance with a pan (generally platinum) loaded with the sample.
The pan is placed in a small electrically heated oven with a thermocouple to
accurately measure the temperature. The atmosphere may be purged with an inert

gas to prevent oxidation or other undesired reactions (26-29).

TG/DTA were done on a Perkin Elmer Pyris Diamond thermo
gravimetric / Differential thermal analyzer instrument under nitrogen
atmosphere at a heating rate of 10 °C/min from room temperature to 700 °C

with samples mounted on a Platinum sample holder.

2.6 Photocatalytic activity study

The experiments were carried in Oriel Arc lamp system designed to
produce uniform illumination (Oriel Uniform I[lluminator). This system
delivers a 1.0 inch (2.54 cm) diameter collimated beam. The work plane is
2.6 inches (6.65 cm) from the bottom of the beam turning assembly. Uniform
illuminator contains a fan cooled lamp housing that offers a temperature

controlled, stable environment for the lamp. The light source used in this
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system is 100 W Xe ozone free lamps with an average life of 500 hours. The
various filers used in this system are i) dichoric mirror of wavelength in
between 200 nm- 30 micron full reflector with irradiance of 163 mW/cm? for
complete reflection, ii) 280-400 nm dichoric mirror with irradiance of
29.9 mW/cm? for UV irradiation and iii) 420-630 nm dichoric mirror (cold mirror)

with irradiance of 64.7 mW/cm? for visible irradiation.

Studies involve a 10 ml of 10 * M aqueous solution of sample taken in
beaker placed below the beam turning assembly unit which holds the dichoric
mirrors under room temperature. The mixture was stirred for 30 minute to
achieve the adsorption equilibrium before the lamp was turned on for the
photocatalytic reaction to begin. After the irradiation, the sample solution was
taken out, centrifuged to remove the catalyst particles and properly diluted to
measure its absorbance/ concentrations at characteristic wavelength. From this
its percent of degradation is calculated. In the case of dyes the absorbance
/concentrations were measured using UV-Visible Spectrophotometer
(Spectrascan UV 2600 — Chemito) and for other pollutants were analysed by
HPLC (Dionex Ultimate 3000) with photo diode array UV detector and a Sum
Thermo Hypersil ODS-2 C-18 reverse phase column (150 X 4.6mm). The

experiments were repeated and its average value was reported.

Percent of degradation is calculated as follows:

Percent of Degradation = {Co — C} x 100 / Co

Where Co and C are the concentration of sample before and after irradiation

In the case of dyes such as methylene blue, rhodamine B and crystal
violet the degradation studies were conducted using dichoric mirror filters with
280-400 nm for UV source and a full reflector of 200nm- 30 micron white light
source for visible light. While in the case of dye the acid red 1 and all other
pesticides such as 2,4-dichlorophenoxyacetic acid [2,4-D], 2,4,5-trichlorophenoxy

m s @epai’tment qfﬂppﬁeJCﬁemlstry, CUSAT



Experimental and Characterization Techniques

acetic acid[2,4,5-T], monolinuron[3-(4-Chlorophenyl)-1-methoxy-1-methylurea.]

and aldicarb [2-methyl-2(methylthio)propionaldehyde-O-methyl carbamoyl-

oxime] the degradation studies were conducted using dichoric mirror filters with

280-400 nm, 420-630 nm respectively for UV and visible light. For antibacterial

studies dichoric mirror of 420-630 nm was used as the source of visible light.
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Synthesis of a compound with desired properties depends on its
method of preparation and its characterisation. These are
functionalized by various qualitative, quantitative, sensitive and
specific techniques. Quantitative determination of composition
and structure on the atomic scale is one of the major advantages of
characterisation techniques. The research work behind the area of
photocatalysis is mainly focused on the synthesis and
characterisation of titania and its modified material with variety of
applications. The main aim of characterisation is to correlate
between structure and physiochemical properties with its the

photocatalytic activities.
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3.1 Introduction

In heterogeneous catalysis, the reactions most probably occur on its
surface. Therefore it is necessary to characterize the catalyst to get a correct
correlation between its physio-chemical properties and catalytic performance
(1). In this chapter we discuss the results of characterisation techniques carried
out on the prepared catalysts. The techniques are X-ray diffraction analysis
(XRD), UV-Visible Diffuse reflectance spectroscopy (UV-Vis. DRS), CHNS
elemental analysis, Scanning electron microscopy (SEM), Energy dispersive
X-ray analysis (EDX), Transmission electron microscopy (TEM), High
resolution TEM analysis (HRTEM), Selected area electron diffraction
(SAED), X-ray photoelectron spectroscopy (XPS), Raman spectra analysis
(RAMAN), and thermo gravimetric analysis(TG).

3.2 Optimization of catalyst

In the initial stages of the research focused on the preparation of pure
titania and non-metal doped titania. In this purpose we used titanium
tetraisopropoxide as the precursor for titania with isopropyl alcohol as the
solvent source. We used several dopants sources such as urea, thiourea,
ammonium chloride, liquid ammonia, triethylamine, diphenylamine,
triethanolamine, orthophenylene diamine, aniline, ammonia etc for the
preparation of non-metal doped titania. All the prepared catalysts were
characterized by CHNS elemental analysis for the presence of dopant content,
UV-Vis. DRS for the calculation of band gap and XRD analysis for the phase
purity and crystallite nature. From these, we selected nitrogen doped titania
catalyst obtained from urea and nitrogen sulphur co-doped titania catalyst
obtained from thiourea as the dopant source for further studies. The
preparations are repeated with same experimental conditions for the selected
catalysts. The same characterisation techniques are also repeated and show a

very good correlation results.
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We also prepared different pure and modified catalyst with variations in
amount of dopants concentration, amount of precursor concentration and
different calcination temperature. The photocatalytic ability of all the prepared
catalysts was evaluated by studying the degradation of aqueous solution of
methylene blue in sunlight. From the activity studies we optimized nitrogen
doped and nitrogen sulphur co-doped titania catalyst calcined at 400 °C by
using 1:10 volume ratio of titanium isopropoxide to isopropy alcohol with 10%
aqueous solution of urea and 1 % aqueous solution of thiourea respectively.
And these are denoted as N-TiO, and NS-TiO,. For the comparative study we
also selected two other catalysts, for each optimized doped system with higher
and lower amount of dopant source. Thus for nitrogen doped titania we used 5
% and 12.5 % aqueous urea solution, and for nitrogen sulphur co-doped titania
we used 0.5 % and 2.0 % aqueous thiourea solution respectively. These are
denoted as N-TiO, (1), N-TiO, (h), NS-TiO, (1) and NS-TiO, (h). For the
preparation of pure titania same experimental conditions are repeated without

adding the dopant source and it is denoted as L-TiO,.

The physical appearance such as colour of the pure titania, nitrogen
doped titania, nitrogen sulphur co-doped titania are white, yellow and slight
less deep yellow respectively. The colour change in modified catalyst
compared to pure titania indicates that the presence of some impurities
incorporated into the network of titania. Later it is confirmed from other

characterisation techniques that nitrogen and sulphur are these impurities.

3.3 X-ray Diffraction Analysis (XRD)

The crystallographic phases present in a sample are well understood
from its X-ray diffraction pattern. X-ray diffraction analysis provides a
powerful tool to understand the phase purity of the samples. It is widely used
for determining the three dimensional structure of solid materials. It also

provides the information such as crystallite nature, crystallite size, unit cell
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dimensions etc. (2). Fig. 3.1 shows the XRD pattern obtained for the samples of
nitrogen doped titania (N-TiO,), nitrogen sulphur co-doped titania (NS-TiO,),
pure titania (L-TiO;) and commercial anatase titania (A-TiO,) using Bruker AXS
D8 advance X-Ray Diffractometer with Ni filtered Cu Ko radiation source
(A =1.5406 A°) by recording 20 in the range of 10-70 at a scan rate of 0.5 °/min.

A
“ N-TiO,
,\ A L-TiO,

L A-TiO,
"R A AA A o

10 20 30 40 50 60 70
2 theta
Fig. 3.1. XRD spectra of pure and modified titania

NS-TiO,

% of intensity

The spectra showed that all the prepared catalyst give peaks at 20 values
around 25.4, 37.8, 55.1 and 62.8. These values correspond to the peaks of
anatase phase (compared with standard value obtained from JCPDS data).
Thus it is clear from the spectrum that all the prepared catalysts are in purely
anatase with main peak at 20 value of 25.4 corresponding to the (101) plane.
The absence of peaks corresponding to the other phases indicated that all the
prepared catalysts are purely anatase. There are no characteristic peaks
corresponding to dopants due to their very small concentration. This reveals
that the incorporation of dopants in the titania lattice do not make change on

the its structure.
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It is also noted from the spectra that all the prepared catalysts are well
crystalline in nature. Crystallite size is determined by measuring the
broadening of a major peak in a diffraction pattern associated with a particular
planar reflection within unit cell of the crystal. It is inversely related to the
FWHM (full width at half-maximum) of an individual peak. If the crystallite
sizes are small then it can be randomly arranged or have low degrees of
periodicity which results in the broadening of peak. If the crystallites are big,
the periodicities of the individual crystallite domains reinforced resulting in a

tall narrow peak (3). Thus larger the crystallite size, narrower the peak.

Crystallite size is a measure of the size of a coherently diffracting
domain. The presence of poly crystallite aggregates show that crystallite size
is not generally the exactly same as particle size. The average crystallite size
is calculated from the broadening of the (101) XRD peaks of anatase using
the Scherrer* equation and are reported in Table 3.1. It is clear from the
Table that prepared samples are the nano sized particles with in the range of
10-12 nm. The broadening of the peaks in the prepared samples indicated
that the particles size is decreased compared to commercial sample, having
sharp peak (4,5). It was worth to note that the crystallite size in the range of
11-13 nm contributed to the optimum for photocatalytic activity mentioned
by Wang et. al. This is because a very small crystallite size causes a blue
shift in the absorption spectrum and favours surface recombination of the
photo-excited holes and electrons while a larger crystallite size exhibits
lower surface area and thus a smaller number of catalytic active sites per

unit mass of catalyst (6-9).

* Scherrer equation, D= KA /p Cos 0

Where D is the crystallite size, @ and A are the Bragg angle and the wavelength
of the X-ray used. K is a constant approximately equal to 0.89; B is the full

width half maximum of the strongest peak at 6 value.

Department of Applied Chemistry, CUSAT s



Chapter-3

Table 3.1. Crystallite size, bandgap and surface area of the prepared
catalysts
a- Crystalline size calculated from XRD
b-Band gap calculated from UV-Visible DRS spectrum

Catalyst Crys(tla:::ll;f size Ba(t:\l/ )%ap Sélﬁz;;gE)T

NS-TiO02 10.0 2.3 100.9
N-Ti02 9.6 2.3 122.9
L-TiO2 11.6 3.1 85.7
A-TiO2 36.2 3.2 12.7

3.4 UV-Visible Diffuse Reflectance Spectroscopy (UV-Vis.DRS)

120-
] A-TIO,
100-
80- 2
1 N-JO
60- 2
40+
20-
0-

% Reflection

300 400 500 600 700 800
Wave lenth (nm)

Fig. 3.2. UV-Vis. DRS spectra pure and modified titania

UV-Vis Diffuse reflectance spectroscopy is one of the spectroscopic
techniques used for the insoluble solid materials. This technique allows the
analyst to take advantage of the reflection of the incoming beam rather than
using standard absorption configuration. Since only the surface of the sample
is responsible for reflection and absorption of the incident radiation, it is used
in the surface science of chemistry and physics. The most appropriate theory

behind the diffuse reflections and transmission of light scattering layers is
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developed by Kubelka and Munk (9-11). For an infinitely thick, opaque layer

the Kubelka-Munk equation can be written as
F(Ro) = (1-Ra)* / 2Ra = k/s

Where Ra is the diffuse reflectance of the layer relative to a non absorbing
standard such as BaSO,, k is molar absorption coefficient of sample and s is

the scattering coefficient.

A classical semiconductor exhibits minimal optical absorption for
photons with energies smaller than the bandgap and high absorption for
photons with energies greater than the bandgap. As a result, there is a sharp
increase in absorption at energies close to the bandgap that manifests itself as
an absorption edge (or reflection threshold) in the UV-Vis. absorption
spectrum. For titania which has a bandgap between 3.0-3.2 eV, this
absorption edge occurs at about 385-400 nm (see Fig 3.3). That is charge
transfer from the valence band (mainly formed by 2p orbitals of the oxygen
anions) to the conduction band (mainly formed by 3d orbitals of titanium

cation) (12, 13).
The band gap of catalyst is calculated using following equation.

E=hv=hec/A or
E =1240/ A (nm)

E is the band gap in eV and A is the wavelength from which reflection taken

place

(This relation is called one of the simple version of KM (Kubelka-Munk)

equation. The A value obtained from the spectrum as shown in Fig.3.3).
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Fig.3.3. UV-Vis. DRS of pure titania

Fig.3.2 shows the UV-Vis diffuse reflectance spectra of the samples
measured in the range of 200-900 nm using on Labomed UV-VIS Double
beamUVD-500 spectrophotometer equipped with an integrating sphere

assembly, using BaSOj, as reflectance standard with a CCD detector.

From the figure it is clear that both the modified catalyst (N-TiO, and
NS-TiO,) gives a shift in absorption in the visible region compared to the pure
samples. This indicated that the incorporation of impurities such as N and S in
titania system, which responsible for the visible light absorption of the catalyst.
The calculated values of band gap of all the catalysts are shown in Table 3.1.
The decrease of bandgap may be attributed to the incorporation dopants energy
states between the energy states of titania. That is the energy states of dopants
such as 2p level of Nitrogen and 3p level of sulphur creates an intermediate
energy level within the valence band and conduction band of pure titania. The
two absorption edges in the modified catalyst are attributed to the pure titania

and impurities such as nitrogen and sulphur are incorporated states of titania.
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3.5 CHNS Elemental analysis

The presence of dopants elements in the modified catalyst were also
confirmed from their elemental analysis. The CHNS elemental analysis was

performed using a Elementar Vario EL III apparatus.

Table 3.2. CHNS elemental analysis of pure and modified titania

Catalyst % Nitrogen % Sulphur
N-TiO; (1) 0.41 --
N-TiO, 0.69 --
N-TiO; (h) 0.73 --
NS-TiO, (1) 0.12 0.88
NS-TiO, 0.18 1.14
NS-TiO, (h) 0.19 1.28

The results are shown in Table 3.2. The results indicated that the dopants
such as nitrogen and sulphur are incorporated in the modified catalysts. It also
noted that the percentage of dopant increases with increase in the dopant
source concentration. At higher concentration of dopants source, the increase
of dopant incorporated in the catalyst is not much significant. From the initial

activity study we selected N-TiO, and NS-TiO, for further studies.

3.6 Scanning Electron Microscopy

The catalytic morphology can affect the transport of reactants and
products to or from its active sites, its light absorption power and generation
of photo excited species (9). Studies of the catalytic morphologies are an
important parameter for interpreting the photocatalytic activity. The
morphologies are noticeably dependent on the preparation procedure and the
composition. Surface morphology of the catalysts is also observed from its

TEM images.

Department of Applied Chemistry, CUSAT s




Chapter-3

The scanning electron microscopic images of the nitrogen doped and
nitrogen sulphur co-doped titania are shown in Figure 3.4 and 3.5 respectively.
The images show that the particles are somewhat spherical in nature and some
are rectangular in shape. Most of them are shapeless due to the agglomerated

crystallite powder morphology.

L

o -

20kv  X7,500 2pm 0000 1343 SEI 10kV X500 50pm 0000 17 50 SEI

Fig. 3.4. SEM images of N-TiO,

20kV  X10,000 1gm 0000 1336 SEI 20kV  X3,500 5pm 0000 1351 SEIl

Fig. 3.5. SEM images of NS-TiO,

3.7 Energy Dispersive X-ray analysis

The energy dispersive X-ray analysis gives both qualitative and
quantitative information about the elemental composition of the materials.
From the EDX spectra we can conclude that the presence other materials
such as impurities or adducts in the samples. These impurities occur either

accidently with the reagents molecules or added for modification of the
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basic materials. The intensity of the spectra correlates with the amount of
elements present in it. The EDX spectra of catalysts nitrogen doped titania
and nitrogen sulphur co-doped titania are shown in fig. 3.6 and 3.7
respectively. The presence of doped elements such as nitrogen and sulphur
in modified samples are clearly shown in the spectra of these catalysts. This
indicates the incorporation of dopants such as nitrogen and sulphur in the
titania network. As per the in efficiency of the instrument for the
quantification elements of atomic number less than eleven, we can only
give the qualitative information (not shown here) about the elemental
composition of catalysts. The chemical compositions of the catalysts were
obtained from JEOL Model JED-2300, energy dispersive X-ray analyzer

used in conjunction with SEM.

1000

o0 —

200 —

F00 —

a0 —

500 —

Counts

400 —

— TiKa

=

=00 — E
L]
b
o]

g
|

100 —
e anlgl Ty " L A " SRR

I | | I I | | | | |
000 100 a.00 .00 4.00 500 .00 700 .00 900 10,00
keW

Fig. 3.6. EDX spectra of N-TiO,
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Fig. 3.7. EDX spectra of NS-TiO,

3.8 Transmission Electron Microscopy

Fig. 3.8. TEM image of N-TiO, Fig. 3.9. TEM image of NS-TiO,
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Fig. 3.10. Particle size histogram of N-TiO, Fig. 3.11. Particle size histogram of NS-TiO,
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Fig. 3.13. HRTEM image of NS-TiO,

Fig. 3.14. SAED image of N-TiO, Fig. 3.15. SAED image of NS-TiO,
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The Transmission Electron Microscopic (TEM) images of the
modified catalysts N-TiO, and NS-TiO, are shown in Fig. 3.8 and 3.9
respectively. It can be noted from the images that the particles are
agglomerated and exhibit both spherical and rectangular shapes. These are
also in agreement with results of SEM images. Further observations
indicate that the morphology of modified TiO, powders is very rough and
may be beneficial for enhancing the adsorption of reactants due to its great

surface roughness and high surface area.

Fig. 3.10 and 3.11 indicates the particle size histogram of the modified
catalysts N-TiO, and NS-TiO; respectively. The results showed that both the
catalysts give an average particle size of 7-13 nm. This result roughly indicated
very good correlation of crystallite size obtained from XRD analysis. This
crystallite size is believed to be correlated with the optimum size for better

photocatalytic results (6).

The High resolution TEM images of the both catalysts are shown in
Fig. 3.12 and 3.13. Particles in nano size range are clearly observed from
the images. Both catalysts give around the same d value (d=0.357nm)
obtained from their respective HRTEM images. These values give very
good correlation with the d value obtained from the XRD spectrum of the
respective catalyst, and this corresponds to the major anatase 101 planes.
This result once again confirms the formation of purely anatase phase of
the prepared samples. The images also indicated that the particles are well

ordered and highly crystalline nature.

Fig. 3.14 and 3.15 show the selected area electron diffraction (SAED)
pattern of the modified catalyst N-TiO, and NS-TiO, respectively. Electron
diffraction reveals that each particle is composed of many small crystal nuclei,

which is a convincing proof that the particles grow in aggregation model. The
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well clarified electron diffraction pattern (used for the identification of
crystallographic spacing) indicates that those particles are highly crystalline
and well ordered. The d value corresponding to each pattern is calculated using

the following equation.

= Lh /RVQ2ME). Where
= Camera constant

= Plank’s constant

Energy of electron beam

= Mass of electron

X2 ® 5 - oa
[

= Radius of the diffraction circle.

Thus the d value obtained from the main diffraction circle is
approximately equal to 0.357 nm, which corresponds to the anatase 101 plane.
Thus this result indicates that the prepared catalysts are purely anatase with
major 101 planes, which is also good agreement with that obtained from the

XRD results.

3.9 X-ray Photoelectron Spectroscopy (XPS)

The atomic concentration values derived from the XPS data are
presented in Table 3.3-3.6. For oxygen the 1s XPS spectra was de-convoluted
using Gaussian multi-peak fitting program and peak area of 529.3 eV peak was
taken for atomic ratio calculation purpose. Peak areas for corresponding peaks
were divided by the sensitivity factors in these calculations. The values of
sensitivity factors used in these calculations are given in Table 3.7. It may be
noted that at some places C 1s peak with binding energy value of 284.8 eV is
referred as standard value for the surface adventitious carbon. Thus if we
include this correction the B.E. values observed in present study will be shifted

to higher side by 0.2 eV.
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Fig. 3.16 and 3.17 represents the Ti 2p XPS spectra of catalyst N-TiO,
and NS-TiO, respectively. In each case there are two peaks. For N-TiO, peaks
appear at 458.2 and 464.7 eV and for NS-TiO, peaks appear at 458.4 and
464.1 eV respectively. These are assigned to the Ti 2ps;, and Ti 2p,), states.
These doublet peaks are due to the spin-orbit splitting of Ti 2p (14). The above
value indicates that titanium exists as Ti ** with stable Ti-O bond in the
prepared catalysts. There is no evidence for the existence of Ti *" states. But
for the pure titania (from literature) these peaks are observed at 458.9 and
464.7 eV respectively, which are contributed by O-Ti-O in TiO, (4,15,16).
Compared with this, the Ti 2p peaks for both modified catalysts show a
smaller shift in the binding energy. These shifts of Ti 2ps;, and Ti 2p;;, core
level signals suggesting the successful incorporation of the dopant into the
titania lattice, which are attributed to Ti 2p peaks of N-Ti-N or O-Ti-N in
modified titania (17).

Table 3.3. Atomic ratio derived from XPS data of Ti 2p 3,

Ti 2p 3, peak
Catalyst FWHM Ti:O:N/ Ti:O:N:S
B.E. (eV) LEGELS
(eV) Area
N-TiO, 458.2 1.07 977.9 1:1.80:0.27
NS-TiO, 458.4 1.13 7194.8 1:1.86:0.09:0.18

Table3.7. Sensitivity factor obtained from XPS analysis

Element XPS peak Sensitivity Factor
Ti 2p3/2 5.22
O Is 2.85
N Is 1.74
S 2s 1.25
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Fig. 3.16. Ti2p XPS spectra of N-TiO, Fig. 3.17. Ti2p XPS spectra of NS-TiO,

The O 1s XPS spectrum of catalyst N-TiO, and NS-TiO, are shown in
Fig 3.18 and 3.19. The valence band of titania is mainly constructed with O 2p
state, which is hybridized with the Ti 3d states (18,19). It shows a strong peak
at 529.3 eV corresponding to bulk oxygen bonded to titanium where as weak
band at 531 eV is due to oxygen attached to N. The weak shoulder at higher
binding energy is associated with hydroxyl groups or sulphate ions adsorbed
on the TiO, surface. But in the case of catalyst NS-TiO, shows another weak
shoulder at higher binding energy of 532.2 eV (not shown here) due to the

effect of sulphur which exists as S °* by replacing some of Ti.

Table 3.4. Atomic ratio derived from XPS data of O 1s

O 1s peak
Catalyst B.E. FWHM Ti:O:N/ Ti:O:N:S
V) V) Peak Area
N-TiO, 529.2 1.07 961.9 1:1.80:0.27
NS-TiO, 529.4 1.05 7069.2 1:1.86:0.09:0.18
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Fig. 3.18. O 1s XPS spectra of N-TiO, Fig. 3.19. O 1s XPS spectra of NS-TiO,

The N 1s XPS spectrum of catalyst N-TiO, and NS-TiO, are shown in
Fig. 3.20 and 3.21. The assignment of the XPS peak of N 1s has still been
under debate, and controversial hypotheses have been provided. Since the
preparation methods and conditions largely affect N XPS spectral features,
the peak position may be different for the same compounds prepared by
different methods. In addition, the N source is different, which could
probably influence the characteristics of the N state. Asahi et.al.( 20)
assigned the atomic beta N peak at 396 eV to substitutional N, which may
be related to the active sites in photocatalysis. Most researchers also agree
on N 1s peak at 396.0 - 397.5 eV responsible for substitutional doping of N
atoms into the TiO, lattice indicates the characteristic peaks of Ti-N-Ti
type linkage (4,15,16,21). Both the substitutional and interstitial N could
affect the electronic band structure of TiO, and improve the photocatalytic
activity in visible light region (22). Some researchers attributed the N 1s
peaks at binding energies at 400 and 402 eV to molecularly adsorbed
nitrogen species. Burda et.al. (15) observed a N 1s core level at 401.3 eV in
N-doped titania nano particles and suggested that it is attributed to the N

atoms in the environment of O-Ti-N, based on the comparison with the
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N 1s electron binding energy of TiN (397.2 eV). Viswanath et.al. and Ma et
al. (4, 23) supported the above assignment and they concluded that the
observed N 1s core level peak at 398-399 eV attributed to O-Ti-N linkage in
the crystalline TiO, lattice.

The peak at 399.7 eV is also attributed to N-O bonds (24). It has also
been reported that N 1s peak at around 400 eV can be assigned to
molecularly chemisorbed gamma Nitrogen (25). Many researchers pointed
out that the presence of oxidized nitrogen such as Ti-O-N and/or Ti-N-O
linkages should appear above 400 eV (4,15,16,19,20,21). Di Valentin et. al.
reported that there are two types of N species in N-TiO2 using electron
paramagnetic resonance spectroscopy measurements and DFT calculations
(26). Their spin-Hamiltonian parameters were consistent with calculations
for both substitutional and interstitial N impurities. The N 1s peak observed
at 399.6 — 399.9 eV, may also be attributed to the formation of
hyponitite(17,27).

Thus the main peak which appears around 399 eV can be assigned to
either substitutional N replaced O atom of the TiO, lattice or the interstitial
N bound to one lattice oxygen and formed as NO species. None of the
catalysts shows the peak at 396-397 eV attributed to atomic nitrogen (18).
Therefore, the peak around 399.6 eV in Fig 3.20 is assigned to the O-Ti-N
linkage. These can be further evidenced by the positively shifted binding
energy of N 1s core level to 400.2 eV in NS-TiO, (Fig. 3.21). The shift of
binding energy to higher values indicated a decrease in the electron density
of N atom. In other words, some N atoms become more positive when the S
incorporated. It is likely that nitrogen species coordinate to S in the form
of O-S-N linkage, similar to the O-Ti-N as in the case of doped only with

nitrogen.
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Table 3.5. Atomic ratio derived from XPS data of N 1s

N Is peak Ti:0:N/ Ti:0:N:S
Catalyst  B.E. FWHM r BE (:;V)' :
(eV) (eV) ca rea N N
N-TiO, 399.5 3.0 89.3 1:1.80:0.27
NS-TiO, = 400.3 2.41 485.9 1:1.86:0.09:0.18
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Fig. 3.20. N 1s XPS spectra of N-TiO,  Fig. 3.21. N Is XPS spectra of NS-TiO,

Fig.3.22. represents the S 2p XPS spectrum of catalyst NS-TiO,.
T. Ohno and others reported that the peak of S 2p around 168.0 — 170.0 eV
corresponds to the S atom incorporated as cation in the form of S ® in
titania network and are expected to replace with Ti ions. The peak around
160.0 — 163.5 eV corresponds to S atom in Ti-S state (14,28). Therefore, the
absence of peak at 160-163.5 eV indicates that sulphur does not replace
oxygen atoms in the TiO, lattice. And the peak at 168.5 eV could be assigned
to S°" state (as SO4%). These sulphate ions can form S=O and S-O-S bonds on
the TiO, surface, creating unbalanced charge on Ti and vacancies/defects in

the titania network (14).
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Table 3.6. Atomic ratio derived from XPS data of S 2p

N 1s peak Ti:0:N/ Ti:0:N:S
Catalyst ~ B.E. ~ FWHM  _ R R
(eV) (EV) ca rea
N-TiO, - - - 1:1.80:0.27
NS-TiO, 168.3 1.70 435 1:1.86:0.09:0.18
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Fig. 3.22. S 2p XPS spectra of NS-TiO,

3.10 Raman Spectroscopy

Raman spectra of the prepared catalyst are shown in Fig. 3.23. The
results show that all the prepared catalysts give the peaks around 145, 397, 515
and 641 cm ~' which are the characteristic peaks of anatase. No other peaks
correspond to the rutile phase indicating that the prepared catalysts are purely
anatase. The absence of more additional bands except those corresponding to
anatase also verified that the lattice distortion is minor, since a severe lattice

distortion to a lower symmetry usually leads to the splitting of Raman modes.

From a measurement of the maximum of low frequency Raman band, it
is possible to determine the nano particle size (not shown here). Since the
particle size can cause large shifts in the location of the scattered Raman peaks

and their widths, namely the quantum size confinement effect. Consequently,
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compared with the lowest frequency peak at 145 of different samples, it can be
evidently seen that the intensities of this peak are dramatically increased and
its widths are broadened after the dopants introduced (14,29-31). It indicates
that the crystallite nature is enhanced, phase purity is retained and the particle

size is decreased, which correlates the results obtained from XRD and TEM

results.
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Fig. 3.23. Raman spectra of the prepared catalyst

3.11 Thermal Analysis

The thermo gravimetric analysis is a well established technique for
evaluating the thermal stability of the materials. It finds widest applications
in the determination of different parameters depending on preparation of
catalyst. These are nature and composition of active phase, effect of added
promoters or presence of impurities on the catalyst, dispersion of active
phase and active phase support interactions, nature and heterogeneity of
active sites on catalyst surface, mechanistic aspects of the reaction under
investigation, transient chemical changes that occurs on the surface,

catalyst deactivation and regeneration etc. This can also be used for quality
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control and catalyst characterisation through finger print spectra of different
batches of the same catalyst. The techniques involve the pursuit of weight
of sample over a period of time while its temperature is raised linearly.
Recording analytical data and the temperature curve with provision for
controlled heating of sample is carried out. In a thermo gravimetric curve
(TG), horizontal portions point out regions where there is no weight

change, where as weight loss is indicated by curved portions(9).

Thermo gravimetric analysis was done on a Perking Elmer Pyris
Diamond thermo gravimetric/differential thermal analyzer instrument under
nitrogen atmosphere at heating rate of 10 °C/min from room temperature to
700 °C with samples mounted on a alumina sample holder. The thermo
gravimetric analysis of the both modified catalyst N TiO, and NS-TiO; are
shown in Fig. 3.24. The results indicated that both the catalysts give a very
good thermal stability above the temperature of 400 °C . Initially there is a
loss of weight due to removal of water molecules and above the
temperature of 350 °C both compounds show no apparent loss of weight.

So the catalysts can be prepared at a lower temperature.

N-TiO,

% weight

--\\\\~____> NS-TiO,

150 300 450 600 750
Temperature ( °C)
Fig. 3.24. Thermo gram of N TiO, and NS-TiO,
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Chapter

Photocatalytic Degradation of Dyes

4.1 Introduction
4.2 Activity Studies

The development of better catalysts is also going to benefit from
recent progress in nano science. Among the advanced oxidation
processes, photocatalysis by semiconducting materials has become
a leading technology in the field of environmental cleaning.
Among the various materials, titania becomes more promising one
and its modified forms more suitable for using visible region. In
this chapter we discuss the photocatalytic application of our
modified catalyst for the degradation of dyes like Methylene blue,
Crystal violet, Rhodamine B and Acid red 1. Studies like effect of
catalyst amount, time of irradiation, light source and dopant
concentrations are also discussed.
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4.1 Introduction

By definition, dyes can be said to be coloured, ionizing and aromatic
organic compounds which show an affinity towards the substrate to which it is
being applied. It is generally applied in aqueous solution. Dyes may also
require a mordant to better the fastness of the dye on the material on which it is
applied. Both dyes and pigments appear to be colored because they absorb
some particular wavelengths of light more than others. In contrast with a dye, a
pigment generally is insoluble, and has no affinity for the substrate (1, 2).

Dyes may be classified in several ways, according to their chemical
constitution, application, origin and use. They can be natural and synthetic
based on their origin. Dyes are classified into acidic, basic, mordant, direct,
reactive, vat, disperse, sulfur, azo etc based on their applications. Their
exposure to environment generates colouration of natural water, toxicity,
mutagenicity, carcinogenicity and causes pollution, eutrophication, and

perturbation in aquatic life in eco-system (3-9).

Many industries use dyes in order to colour their products and pour a lot
of coloured waste water into the effluent. The discharge of dye-bearing
wastewater into natural streams and rivers from the textile, paper, carpet,
leather, distillery and printing industries make severe problems. The cleaning
of wastewater is one of the most serious environmental problems of the present
day. Discharge of dyeing industry wastewater into natural water bodies is not
desirable as the colour prevents re-oxygenation in receiving water by cutting
off penetration of sunlight. It also increases the BOD, and cause lack of
dissolved oxygen to sustain aquatic life. In addition, most of the dyes, even in
very low concentration, used as colouring materials are toxic to some micro
organisms and also to aquatic life, and may cause direct destruction or
inhibition of their catalytic capabilities. Many dyes are difficult to degrade, as

they are resistant to aerobic digestion. Dyes can also cause allergic dermatitis
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and skin irritation. Some of them have been reported to be carcinogenic and
mutagenic. Hence, a contamination due to dyes is not only a severe public
health concern but also may causes serious environmental problems because of
their persistence. This upsets the biological activities in water bodies.
Nowadays research is focused on reactive and other anionic dyes because a
large fraction of these dyes are remain in waste water due to low removal

efficiency of the conventional wastewater treatment plants (10-14).

There are a lot of physical and chemical techniques such as coagulation,
ozonization, membrane filtration, electrolysis; oxidation, active sludge
biochemical processes, bio-degradation etc. has been widely used for the
removal of dyes from wastewater. These established technologies are often
unable to reduce contaminant concentration adequately to a desired level with
effectively and economically. Each of them has its own merits and demerits.
The water colouration can be removed by chemical treatment through
destructing the chromophoric group of the dyes but often they do not offer the
complete mineralization. Adsorption and chemical coagulation do not result in
dye degradation and create ongoing waste disposal problem. Chlorination and
ozonisation may cause the decolouration through chemical reaction. But the
by-product in the chlorination and ozonisation process may itself become more

toxic than the starting compounds (15-19).

In the field of environmental contamination caused by dyes, the
heterogeneous photocatalytic process is an authentic technique, which can be
successfully used to oxidize the organic pollutants present in the aqueous
system. Experimental observations indicate that almost complete
mineralization of organic compounds to carbon dioxide, water and inorganic
anions have taken place by photocatalytic process. Semiconductors are the key
materials in photocatalytic process, in which titania takes a role model among

others. Research works based on titania are emerging techniques related to the
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purification of water and air. It is also announced as the most effective and
useful photocatalyst due to its wide application in the field of waste water
treatment, water and air purification, deodorization, hydrogen production
through water splitting reaction, conversion or degradation of most pollutants,
removal of micro organisms etc.(20-22). Most of these treatments are based on
the technology called advance oxidation process (AOP). During the advance
oxidation process the pollutants or organic matters are completely mineralized to
carbon dioxide or converted to less or more harmful compounds based on the

stability of that intermediates.

The light absorption capacity is an important factor which influences the
photocatalytic efficiency of any photocatalyst in a photocatalytic reaction.
Even though titania is a very good photocatalyst, one major drawback is lack
of its activity in visible region. Pure titania is active only in UV region of the
solar spectrum based on its bandgap (3.2eV for anatase). This practically rules
out the use of sunlight as energy source because sunlight contains around 5-8%
of UV light.

Various modifications are carried out by different research groups. Few
of them are catalysts doped with metals, non metals or coupled with other
semiconductor materials, encapsulation of dyes, metal complexes or co-doping
with metals and nonmetals (23-33). The effect of incorporation of materials on
the activity of titania depends on factors such as method of preparation, type of

materials, their concentrations, experimental conditions etc (34).

The basic mechanism behind the photocatalysis is as follows. Upon
irradiation with suitable light energy the electron from the valence band of the
titania catalysts promoted to its conduction band creating holes in valence band
and electrons in conduction band. The electrons on the conduction band of the

titania catalyst surface are scavenged by the molecular oxygen to produce
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reactive oxygen radicals, whereas the holes in the valence band become
trapped by the surface bound hydroxyl radicals that at produced on oxidation
of either the surface hydroxyl group and/or the surface bound water molecules.
These hydroxyl radicals have very high oxidation potential, hence named
advanced oxidation process (AOP), which results in the oxidation of the
pollutants (35-39).

In this study, we measure the photocatalytic efficiency of the prepared
catalysts such as nitrogen doped titania, nitrogen sulphur co doped titania and the
pure titania for the degradation of the different dyes in aqueous media under
visible light irradiation. The dyes used in these studies are Crystal violet,
Methylene blue, Rhodamine B and Acid red 1. The selection of dyes in this study
is based on their major application in coir and textile industries and their
concentration can be easily monitored using a spectrophotometer. Studies were
carried out to demonstrate the effect of catalyst amount, effect of time, effect of
light source and effect of dopant concentration on the degradation of dyes.
However the qualitative and quantitative analysis of individual by-products is
incomplete, due to technical and financial limitations. Thus in present studies we
ignore the mechanical pathway behind the degradation of each dye and reports are
purely based on the percent of degradation calculated from spectrophotometer
data. The dichoric mirror of wavelength range in between 200 nm-30 micron used
as the source of white light (‘and in result it is denoted as full reflector) for the
degradation studies of dyes such as Crystal violet, Rhodamine B and Methylene
blue and their optimization. And in the rest of the dyes we used dichoric mirror of
wavelength range in between 420-630 nm as source of visible light. After the
irradiation the sample was centrifuged, filtered and calculated the concentration
using spectrophotometer. Then the percent of degradation was calculated using the
relation, {Co — C} X 100 / Co., where Co and C are the concentration of dyes

before and after irradiation.
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4.2 Activity studies
4.2.1 Crystal violet

Crystal violet or Gentian violet (also known as Methyl Violet 10B) is
a basic triarylmethane dye. Crystal violet is the deepest blue of all the methyl
violets, and is satisfactory for most purposes for which methyl violetis used.
When dissolved in water the dye has a blue-violet colour. The colour of the dye
depends on the acidity of the solution. Its darker blue shade makes it a choice for

use in Gram's stain for the demonstration and primary classification of bacteria

NN/’

cr

N

X,
N N*

Fig. 4.1. Structure of crystal violet

Crystal violet is used as a textile dye. It also used to dye paper,
component of navy blue, black inks for printing, ball-point pens and ink-jet
printers. It is also used to colorize diverse products such as fertilizers, anti-

freezes, detergents, and leather jackets.

Like malachite green (MG), crystal violet (CV) is readily absorbed into
fish tissue from water exposure and is reduced metabolically by fish. Several
studies by the National Toxicology Program reported the carcinogenic and
mutagenic effects of crystal violet in rodents. It has also been linked to
increased risk of human bladder cancer. Its leuco form induces renal, hepatic

and lung tumour in mice (1, 40, 41).
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The instruments with specification and the experimental setup for the

photocatalytic reactions are discussed in chapter 2.

a. Effect of catalyst amount

A 10 molar aqueous solution of crystal violet was used in this study.
About 10 ml of solution with catalyst amount of 1g/L to 5 g/L was added.
Before irradiation the system was magnetically stirred for 30 minutes under
dark to establish the adsorption-desorption equilibrium between the catalytic
surface and the dye. The irradiation time was limited to one hour based on the
lamp life. The dichoric mirror of 200 nm-30 micron was used as source for
white light. The absorbance of the solution before and after the irradiation was

measured using spectrophotometer at 581 nm.
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Fig.4.2. % Degradation of crystal violet against amount of catalyst
Irradiation time: 1 hour; Dye con. 10 ml of 10 * M

Fig. 4.2 represents the percent degradation of crystal violet against the
different amount of catalyst. This shows that the percent degradation of both
the modified catalysts increase with increase in the amount of catalyst from 1
g/L to 3 g/L and above this limit there is not much change. This indicated that
the active site provided for the adsorption of substrate on the catalyst surface is
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limited to catalyst amount of 3g/L and after that no much change in the
degradation. At higher dosage the vacant sites are consumed by the intermediate
products obtained during the reactions which retard further degradation of the
substrate. Hence the percent degradation decreased or retained without a
noticeable change (9, 42-47). Moreover, the particle-particle interaction
becomes significant as the amount of particles in solution increases, which
reduces the active site density for the surface excited holes and electrons. It is
also observed that NS-TiO, gives better results than N-TiO,. It may be due to the
presence of the both impurities such as N and S which enhance higher activity
by narrowing the bandgap. The higher activity is also attributed to the highly

ordered nature of the catalyst and its method of preparation.

b.  Effect of time

For this study a 50 ml of 10 molar aqueous solution of crystal violet
was used. The catalyst amount of 3 g/L, optimized in the previous experiment,
was added. Before irradiation the system was magnetically stirred for 30
minutes under dark to establish the adsorption-desorption equilibrium between

the catalytic surface and the dye.
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Fig. 4.3. % Degradation of crystal violet against time
Amount of Catalyst: 3 g/L; Dye con. 10 ml of 10 * M
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The irradiation time was limited to one hour based on the lamp life. The
dichoric mirror of 200 nm-30 micron was used as source of white light. After
the lamp was switched on, around 10ml of the suspension was pipetted out
from the solution at an interval of 15 minutes. The pipetted sample was filtered

and measured its absorbance.

From the results (Fig. 4.3) it is noted that both the modified catalysts
give a linear increase of percent degradation with the increase of time. Beyond
this limit of time (one hour) there is no noticeable change (which is not shown
in figure). This result indicates that when the time of irradiation increases the
percent degradation increases and reaches a maximum for one hour irradiation.
With increase of time more and more light energy falls on the catalyst surfaces
which increases the formation of photo excited species and enhances the
photocatalytic activity.

C. Effect of light source

Here also studies involve the usage of 10 ml 10* molar aqueous solution of
crystal violet with a light illumination of one hour. The dichoric mirror of 200
nm-30 micron (full reflector), 280-400 nm and 420-630 nm were used as source
for white light, UV light and visible light respectively. We also conducted the
reaction without catalyst in white light region. In this case we compared the
percent degradation of both modified catalyst with pure titania prepared in our
laboratory and commercially available 100% anatase titania for their activities in
visible light, UV light and white light.

From the results (Table 4.1) it is noted that both the modified catalysts
give better activity for the degradation of dyes in visible light irradiation when
compared with pure and commercial titania, whereas activity decreased in UV
light irradiation. But it is also noted that all the catalysts give good results in

white light.
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Table 4.1. % of degradation of crystal violet against light source
Irradiation time: 1 hour; Dye con. : 10 ml of 10 * M, Catalyst: 3 g/L

% of Degradation

Studies  \Tio, Ns-Tio, L-Tio, ATio, Without

Catalyst
Full reflector 72.3 94.1 70.8 99.9 2.0
UV lightonly | 45.1 57.8 60.9 98.6
Visible light 68.6 87.9 39.8 44.6
Adsorption 19.3 24.7 21.9 20.3

The higher activity of modified catalysts in visible light is attributed to
the presence of dopant elements such N and S, which helps in narrowing the
band gap of titania by introducing their energy levels between the bandgap of
titania or by mixing with valence bands of pure titania. Moreover the higher
surface area and small particle size of the modified catalysts are also contribute
for the higher activity. The higher activity of pure and commercial titania in
UV irradiation is based on its band width. The higher activity of all the catalyst
in white light is due to the combined contribution of both visible and UV part

of lights in full reflector dichoric mirror.

The higher activity of pure and commercial titania in UV irradiation is
attributed to its bandgap. It can be noted that pure titania exhibits noticeable
activity in visible region which is explained as follows. The actual absorption
spectrum of a photocatalyst is an overlapping result of intrinsic and extrinsic
absorption bands. The photo excitation of extrinsic absorption bands of a
photocatalyst can also lead to surface photoreactions. The extrinsic absorption
originates from the photo ionization of original or newly formed defects and
the excitation of surface states. Such extrinsic absorption requires less energy
to activate. Therefore, it is possible to generate free charge carriers to induce
surface chemical reactions by using visible light (40).
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d. Effect of dopant concentration

Studies involve 10 ml 10* molar aqueous solution of crystal violet with
a catalyst amount of 3 g/L and light illumination of one hour. The catalysts
with higher and lower concentration of dopants were used to evaluate their

photocatalytic activity.

Table 4.2. % Degradation of crystal violet against dopant concentration
Irradiation time: 1 hour; Dye con. : 10 ml of 10 * M, Catalyst: 3 g/L

Catalyst % of degradation
N-TiO, () 67.1
N-TiO; 72.3
N-TiO; (h) 71.6
NS-TiO; (1) 88.1
NS-TiO, 94.1
NS-TiO; (h) 52.9

The result (Table 4.2) shows that the optimized catalyst labeled such as
N-TiO, and NS-TiO, gives better results than catalysts with dopant
concentration higher and lower than that of optimized one. Different loading
of the dopant on titania reveals that at higher loading, the space charge region
narrows and the efficiency of charge separation is reduced which results in
the lower activities of the catalyst. An optimum concentration of dopant ions
makes the thickness of space charge layer substantially equal to the light
penetration depth. Since the space charge region becomes very narrow when
the concentration of doping ions is too high, the penetration depth of light
into titania greatly exceeds the space charge layer, it results in the
recombination of the photo generated carriers becoming easier (49). To sum
up, there is an optimum dopant concentration in titania for the most efficient

separation of photo generated carriers and have for photocatalytic activity.
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4.2.2 Rhodamine B

Rhodamine B is an amphoteric dye, although usually listed as basic as it
has an overall positive charge. It also belongs to the family of Xanthenes dye.
Rhodamine B can be used to dye silk, cotton, wool, fibers, nylon, acetate
fibers, paper, spirit inks and lacquers, soap, wood stains, feathers, leather and
distempers on china clay etc. It has also been used as a drug and cosmetic
colour in aqueous drug solutions, tablets, capsules, toothpaste, soap, hair-
waving fluids, bath salts, lipsticks and rouges. It is often used as a tracer
dye within water to determine the rate and direction of flow and transport.
Pollution of water due to the discharge of effluents from dyeing industries
affects the environment due to its toxicity (40, 50, 51).

Fig. 4.4. Structure of Rhodamine B

The experimental conditions and setup for the degradation of rhodamine
was also similar to that of crystal violet. The dichoric mirror of 200 nm-30 micron
was used as source for white light. The absorbance of the solution before and after

the irradiation was measured using spectrophotometer at 553 nm.

a.  Effect of catalyst amount

Studies contain one hour irradiation to a 10 ml 10 molar aqueous solution

of rhodamine B with a catalyst of amount from 1g/L to 5 g/L was used.
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Fig. 4.5. % Degradation of rhodamine B against amount of catalyst
Irradiation time: 1 hour; Dye con. 10 ml of 10 * M

Fig. 4.5 represents the percent degradation of rhodamine B against the
different amount of catalyst. Results show that the percent degradation of both
the modified catalysts increase with increase in the amount of catalyst and
reaches a maximum of 3 g/L and above this limit there is no significant
change. This indicated that the active site provided for the adsorption of
substrate on the catalyst surface is limited to catalyst amount of 3g/L. The
increase in the degradation efficiency of the dye with an increase in the
catalyst amount may be due to an increase in the active sites available on the
catalyst surface for the reaction, which in turn increases the rate of radical
formation. The reduction in the degradation when the catalyst amount is
increased beyond 3 g/L is due to light scattering and reduction in light
penetration through the solution. With a higher catalyst loading the
deactivation of activated molecules by collision with ground state molecules
dominates the reaction, thus reducing the rate of reaction. It is also observed
that NS-TiO; gives better results than N-TiO,. It may be due to the presence of
both the impurities N and S which enhance the activity through narrowing the
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bandgap. The higher activity also attributed to the highly ordered nature of the

catalyst and its method of preparation.

b. Effect of time

A 50 ml of 10 molar aqueous solution of rhodamine B with catalyst
amount of 3 g/L was used for this study. The catalyst amount was
optimized in the previous study. Before irradiation, the system was
magnetically stirred for 30 minutes under dark to establish the adsorption-
desorption equilibrium between the catalytic surface and the dye. The
irradiation time was limited to one hour based on the lamp life. The
dichoric mirror of 200 nm-30 micron was used as source of white light.
After the lamp was switched on, around 10ml of the suspension was
pipetted out from the solution at an interval of 15 minutes. The pipetted

sample was filtered and measured its absorbance at 553 nm.
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Fig. 4.6. % Degradation of rhodamine B against time
Amount of Catalyst: 3 g/L; Dye con. 10 ml of 10 * M

The photocatalytic percent degradation of rhodamine against the
irradiation time is shown in fig. 4.6. Results show that both the modified

catalysts give a linear relationship with the increase of time. When time
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increases more and more light energy falls on the catalyst surfaces which
increases the formation of photo excited species and enhances the

photocatalytic activity.

C. Effect of light source

In this study we use 10 ml 10™* molar aqueous solution of rhodamine B
with a catalyst amount of 3 g/L and light illumination of one hour. The
dichoric mirror of 200 nm-30 micron (full reflector), 280-400 nm and 420-630
nm were used as source for white light, UV light and visible light respectively.
We also conducted a blank reaction without catalyst in white light region and
blank without light sources. We also compared the percent degradation of both
modified catalyst with pure titania prepared in our laboratory and
commercially available 100% anatase titania for their activities in visible light,
UV light and white light.

Table 4.3. % of degradation of rhodamine B against light source
Irradiation time: 1 hour; Dye con. : 10 ml of 10 * M, Catalyst: 3 g/L

% of Degradation

Studies  NTio, NS-TiO, L-Tio, A-Tio, |ithout

Catalyst
Full reflector 65.4 68.1 54.1 98.7 1.1
UV light only 31.1 40.5 44.2 97.5
Visible light 54.2 61.3 40.5 47.8
Adsorption 12.8 11.3 16.1 20.5

From the results (Table 4.3.) it is noted that both the modified catalysts
give better activity for the degradation of dye in visible light irradiation when
compared with pure and commercial titania whereas activity decreased in UV
light irradiation. But it is also noted that all the catalyst give good results in
white light. The higher activity of modified catalysts in visible light is
attributed to the presence of dopant elements which help to narrow the band
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gap of titania by introducing their energy levels between the bandgap of titania
or by mixing with valence bands of pure titania. Moreover the higher surface
area and small particle size of the modified catalyst also contribute to the
higher activity. The higher activity of pure and commercial titania in UV
irradiation is based on its bandgap. The higher activity of all the catalyst in
white light is due to the combined effects of both visible and UV part of light

in full reflector dichoric mirror.

d.  Effect of dopant concentration.

In this section we can evaluate the percent of degradation of rhodamine
B against various modified catalyst with different dopant concentration.
Studies involve 10 ml 10 molar aqueous solution of rhodamine B with a
catalyst amount of 3 g/L and a visible light illumination of one hour.

Table 4.4. % Degradation of rhodamine B against dopant concentration
Irradiation time: 1 hour; Dye con. : 10 ml of 10 * M, Catalyst: 3 g/L

Catalyst % of degradation
N-TiO; (1) 49.6

N-TiO, 65.4
N-TiO; (h) 54.7
NS-TiO; () 58.1

NS-TiO, 68.1
NS-TiO; (h) 42.1

Table 4.4 gives the results of all modified catalyst for the photocatalytic
removal of rhodamine B on using white light irradiation. It was noted from the
results that the activity of modified catalyst increases with increase of dopant
concentration and reaches an optimum and above this there is no significant
change in the activity. When the concentration of dopant is excessively high, the
space charge region became very narrow and the penetration depth of light into
titania greatly exceeds the space charge layer. Therefore, the recombination of
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the photo generated electron-hole pairs became easier. Thus it is clear from the
results that both N-TiO, and NS-TiO, give higher activity compared to others.
To sum up, there is an optimum concentration of dopant in titania for the most

efficient separation of photo generated carriers and photocatalytic activity.

4.2.3 Methylene Blue

Methylene blue is a heterocyclic aromatic chemical compound with
the molecular formula C1sH1gN3SCI. At room temperature it appears as a
odourless dark green powder, which yields a blue solution when dissolved
in water and gives characteristic spectrophotometric absorbance at 653 nm.
It has many uses in a range of different field. Methylene Blue (MB) is a
cationic dye, extensively used in variety of industrial application with main
application in textile and coir industries. It is most commonly used dye for
coloring cotton, wood, paper stocks, and silk. It is also utilized in the field

of medicine.

Severe exposure to methylene blue releases aromatic amines
(e.g., Benzedrine, Methylene) and is a potential carcinogen. It will cause
increased heart rate, vomiting, shock, cyanosis, and tissue necrosis in humans.
Due to these critical negative effects, methylene blue should be eliminated
from the human environment. Its presence, even in very low concentration, is
highly visible and will affect aquatic life as well as food web. In water, it
causes increase the BOD level and is harmful for aquatic life (50, 52).

N
~
H3C\II\| S I-$',CH3
CHs CI- CHs

Fig. 4.7. Structure of methylene blue
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a.  Effect of catalyst amount

A 10 molar aqueous solution of methylene blue was used in this study.
About 10 ml of solution was taken and catalyst amount of 1g/L to 5 g/L was
added. Before irradiation the system was magnetically stirred for 30 minutes
under dark to establish the adsorption-desorption equilibrium between the
catalytic surface and the dye. The dichoric mirror of 200 nm-30 micron is used
as source for white light. The absorbance of the solution before and after the

irradiation was measured using spectrophotometer at 653 nm
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Fig. 4.8. % Degradation of methylene blue against amount of catalyst
Irradiation time: 1 hour; Dye con. 10 ml of 10 * M

Fig. 4.8 represents the percent degradation of methylene blue against the
different amount of catalyst dosage. It is noted from the results that the percent
degradation increases with increase of catalyst amount and reaches a maximum
and beyond this the degradation independent of catalyst concentration. Thus the
amount of catalyst plays a major role in photocatalytic dye degradation. To
avoid the use of excess catalyst, it is necessary to find the optimum loading for
the efficient removal of dye. So it is necessary to optimize the amount of catalyst

to obtain the highest photocatalytic activity. The optimum catalyst amount in
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this case is 3 g/L. At higher amount, the vacant sites are consumed by the
intermediate products during the reaction which retards the further degradation
of the substrate and hence the percentage degradation decreased or retained
without a noticeable change. It is also observed that NS-TiO, gives better
results than N-TiO,. It may be due to the presence of the both impurities which
enhance more activity through narrowing the bandgap. The higher activity is
also attributed to the highly ordered nature of the catalyst and its method of

preparation which are favourable factors for photocatalytic activity.

b. Effect of time.

Studies involve a 50 ml of 10™* molar aqueous solution of methylene blue
with a catalyst amount of 3 g/L, which was optimized by the above experiment.
Before irradiation the system was magnetically stirred for 30 minutes under dark
to establish the adsorption-desorption equilibrium between the catalytic
surface and the dye. The dichoric mirror of 200nm-30micron was used as
source of white light. After switched on the lamp, around 10ml of the
suspension was pipette out from the solution at an interval of 15 minutes. The

pipetted sample was filtered and measured the absorbance at 653 nm.
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Fig. 49. % Degradation of methylene blue against time
Amount of Catalyst: 3 g/L; Dye con. 10 ml of 10 * M
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The photocatalytic degradation of methylene blue against the irradiation
time is shown Fig. 4.9. It is clear from the results that both the modified
catalysts give a linear increase of percent degradation with the increase of
time. Beyond this limit of time (one hour) there is no noticeable change (which
is not shown in figure). The result indicates that when the time of irradiation
increases the percentage of degradation increases and reaches a maximum at
one hour irradiation. As time increases more and more light energy falls on the
catalyst surfaces which increases the formation of photo excited species and

enhances the photocatalytic activity.

C. Effect of light source

Add a catalyst amount of 3 g/L to a 10 ml of 10 molar aqueous solution
of methylene blue and irradiate the solution for one hour. Before irradiation the
system was magnetically stirred for 30 minutes under dark to establish the
adsorption-desorption equilibrium between the catalytic surface and the dye.
We also conducted a blank reaction without catalyst in white light region and a
blank reaction in dark. Percent degradation of catalyst in UV, visible and white
light irradiations were compared. The dichoric mirror of 200 nm-30 micron
(full reflector), 280-400 nm and 420-630 nm were used for the source of
white light, UV and visible light respectively.

Table 4.5. % of degradation of methylene blue against light source
Irradiation time: 1 hour; Dye con. : 10 ml of 10 * M, Catalyst: 3 g/L

% of Degradation

Studies  NTio, NsTiO, L-Tio, ATio, = \vithout

Catalyst
Full reflector 94.8 98.4 69.8 99.9 16.8
UV light only 58.5 55.5 68.0 98.8
Visible light 75.2 81.2 415 65.6
Adsorption 24.7 24.5 20.4 57.4
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The percent photocatalytic degradation of methylene blue against
modified and pure titania in white light, UV and visible light are shown in
Table 4.5. Results show that both the modified catalysts give better activity for
the degradation of dye in visible light irradiation when compared with pure
and commercial titania whereas activity decreased in UV light irradiation. But
it is also noted that all the catalysts give good results in white light. The higher
activity of modified catalysts in visible light is attributed to the presence of
dopant elements which helps to narrow the band gap of titania by introducing
their energy levels between the bandgap of titania or by mixing with valence
bands of pure titania. Moreover the higher surface area and small particle size
of the modified catalyst also contribute to the higher activity. The higher
activity of pure and commercial titania in UV irradiation is based on its
bandgap. The higher activity of all the catalyst in white light is due to the
combined contribution of both visible and UV part of light in full reflector

dichoric mirror.

d.  Effect of dopant concentration

Studies involve 10 ml 10* molar aqueous solution of methylene blue
with a catalyst amount of 3 g/L and light illumination of one hour. The
catalysts with higher and lower concentration of dopants were used to evaluate
their photocatalytic activity

Table 4.6. % Degradation of methylene blue against dopant concentration
Irradiation time: 1 hour; Dye con. : 10 ml of 10 * M, Catalyst: 3 g/L

Catalyst % of degradation
N-TiO; (1) 713
N-TiO, 94.8
N-TiO; (h) 82.9
NS-TiO; (1) 96.2
NS-TiO, 98.4
NS-TiO; (h) 92.1
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The results shows that the optimized catalyst labeled such as N-TiO, and
NS-TiO, give better results than catalysts with dopants concentration higher
and lower than that of optimized one. Different loading of the dopants on
titania reveal that at higher loading, the space charge region narrows and the
efficiency of charge separation is reduced which results in the lower activities
of the catalyst. An optimum concentration of dopant ions makes the thickness
of space charge layer substantially equal to the light penetration depth. Since
the space charge region becomes very narrow when the concentration of
doping ions is too high, and the penetration depth of light into titania greatly
exceeds the space charge layer, it results in the recombination of the photo
generated carriers becoming easier (49). To sum up, there is an optimum
concentration of dopant in titania for the most efficient separation of photo

generated carriers and thus photocatalytic activity

4.2.4 Acid Red 1

Acid red 1 (Red 2G) is a synthetic red azo dye. It is a water-soluble dye
employed mostly in the form of sodium salts of the sulfonic or carboxylic
acids. They are anionic in nature which is attached strongly to cationic groups
in the fiber directly. They are applicable to all kinds of natural fibers like wool,
cotton and silk as well as to synthetic polyesters, acrylic and rayon. But they

are not substantive to cellulosic fibers. They are also used in paints, inks,

OYCH;».
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SOzNa

Fig. 4.10. Structure of acid red 1

plastics and leather.
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a.  Effect of catalyst amount

In this study a 10 ml 10 molar aqueous solution of acid red 1 was used.
A catalyst amount of1.0 g/L to 5.0 g/L was added to this solution. Before
irradiation the system was magnetically stirred for 30 minutes under dark to
establish the adsorption-desorption equilibrium between the catalytic surface
and the dye. The dichoric mirror of 420-630 nm was used as source for visible
light. After the irradiation the sample was centrifuged, filtered and measured

its absorbance at 505 nm.
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Fig. 4.11. % Degradation of acid red 1 against amount of catalyst
Irradiation time: 1 hour; Dye con. 10 ml of 10 “M

Fig. 4.11 shows the percent degradation of acid red 1 against catalyst
amount. It is observed that the initial degradation rate increases proportionally
with the catalyst concentration until it reaches a plateau, indicating a
progressive saturation of the photonic absorption by the catalyst for a given
incident radiation flux. Above this amount, the rate of decrease of acid red 1
concentration is not affected by a progressive increase in catalyst

concentration. This phenomenon may be due to the aggregation of catalyst
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particles at high concentrations, causing a decrease in the number of surface

active sites. The optimized catalyst amount in this case is 3.0 g/L.

b. Effect of time

In this experiment a total of 50 ml 10™* molar aqueous solution acid red 1
was taken and add catalyst amount of 3.0 g/L. Before irradiation the system
was magnetically stirred for 30 minutes under dark to establish the adsorption-
desorption equilibrium between the catalytic surface and the dye. The dichoric
mirror of 420-630 nm was used as source for visible light. After the lamp was
switched on, around 10ml of the suspension was pipetted out from the solution
at an interval of 15 minutes up to one hour. The collected samples were

centrifuged, filtered and measured the absorbance at 505 nm.

80-
—&—N-TiO,
701 —a—nNs-TiO,
S 60-
=
©
& 50-
(@)
3 0] /
2 40-
o -
<
30-
1 &
20 T T T T T T T T T T

10 20 30 40 50 60
Time (min)
Fig. 4.12. % Degradation of acid red 1 against time
Amount of Catalyst: 3 g/L; Dye con. 10 ml of 10 * M
The photocatalytic degradation of acid red 1 against irradiation time is
shown in Fig. 4.12. It is noted from the results that the percent degradation
increases with increase of irradiation time. As time of irradiation increases more

and more light energy falls on the catalyst surfaces which cause the generation of
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higher amount of photo excited species. These are cause to increase the reactive

oxygen species which responsible to the degradation of the adsorbed species.

C. Effect of light source

In this study a10 ml 10 molar aqueous solution of acid red 1 was used
with a catalyst amount of 3 g/L and light illumination of 45 minute. The
dichoric mirror of 280-400nm and 420-630nm was used for the source of UV
light and visible light respectively. Results without catalyst in visible light and
also without light source were reported. Study involves a comparison of the
percent degradation of both modified catalyst with pure titania prepared in our
laboratory and commercially available 100% anatase titania for their activities
in UV and visible light irradiation. Remaining parts of experiments were same

as in above cases.

Table 4.7. % of degradation of acid red 1 against light source
Irradiation time: 1 hour; Dye con. : 10 ml of 10 * M, Catalyst: 3 g/L

% of Degradation
Studies . . . . Without
N-TiO, NS-TiO, L-TiO, A-TiO, Catalyst
Visible light 98.2 78.2 59.4 54.4 7.5
UV light only 75.7 65.7 82.4 99.2
Adsorption 3.6 8.5 13.4 15.2

The percent of photocatalytic degradation of acid red 1 against the
modified catalyst and pure titania in both UV and visible light are shown in
Table 4.7. Results show that both the modified catalysts give higher activity in
visible and lower activity in UV light for the degradation of acid red 1 when
compared with pure and commercial titania. The dark reaction shows
significant of adsorption capacity of the catalysts. The little change in the
concentration of acid red 1 without catalyst addition was due to leaching
property of the material under light. The higher activity of modified catalysts

in visible light is attributed to the presence of dopant elements, which
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significantly reduces the crystallite size, reduces the band gap and controls the
surface property through increase the surface area. The exact reason for the
higher activity of N-TiO, compared to NS-TiO; is not established.

d.  Effect of dopant concentration

In this section we evaluated the percent of degradation of acid red 1
against various catalysts includes modified catalyst with different dopant
concentration and pure titania. Studies involve 10 ml 10* molar aqueous
solution of acid red 1 with a catalyst amount of 3 g/L and a visible light

illumination of one hour

Table 4.8. % Degradation of acid red 1 against various catalyst
Irradiation time: 1 hour; Dye con. : 10 ml of 10 * M, Catalyst: 3 g/L

Catalyst % of degradation
N-TiO; () 53.5
N-TiO; 98.2
N-TiO; (h) 60.3
NS-TiO; (1) 61.3
NS-TiO, 78.2
NS-TiO; (h) 63.5
L-TiO, 68.7
A-TiO; 62.4

Table 4.8 exhibits the result of all the catalyst for the photocatalytic
removal of acid red 1 using visible light irradiation. The results show that the
optimized catalyst labeled as N-TiO, and NS-TiO, gives better result. An
appropriate amount of dopant could suppress the recombination of photo-
induced electron-hole pairs whereas the excess amount of dopant might cover
the surface of titania and decreased the photo quantum efficiency. The higher
activity of modified titania compared to pure titania is attributed to the effect
of dopants which enhance the activity in visible light region by narrowing the

bandgap of the titania semiconductor.
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Photocatalytic Degradation of Pesticides

5.1 Introduction
5.2  Activity Studies
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Recent decades have witnessed increased contamination of
drinking water. A wide variety of organics are introduced into the
water system from various sources such as industrial effluents,
agricultural runoffs and chemical spills. In recent years there is an
increasing awareness for protection of the environment from
hazardous wastes and effluents from the industries. Among the
various technologies and materials available for waste water
treatment, the advanced oxidation processes photocatalytic
degradation (PCD) technique over semiconductors has shown to
be one of the most promising processes for the wastewater
treatment. Photocatalytic reactions using titanium dioxide (TiO,)
and its modified forms have shown to be useful for destroying a
wide range of environmental contaminants. In this section we
discuss the photocatalytic degradation of organic pollutants (we
collectively called as pesticides) in aqueous medium using
modified N and N S co-doped titania, and pure titania by visible
light irradiation.
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5.1 Introduction

The presence of organic pollutants in water sources indicates that the
most of these compounds are recalcitrant and/or non-biodegradable and can
persist for long periods in the environment representing a risk to mammalian
and aquatic life (1,2). The possibility of entry of pesticides into water sources
are follows: (i) industrial waste or effluents discharged directly into water (ii)
seepage from buried toxic wastes into water supplies and (iii) contamination
of surface and groundwater directly or from runoff during spraying
operations (3). The water rinsate solutions produced during the formulation,
dilution, mixing, transfer and application of commercial pesticides may
pollute the waste water lines and may reach the sources of fresh water.
They are also major sources for water pollution(4). The amount of
pesticides routinely applied to agricultural commodities has dramatically
increased in recent years which have led to serious concerns about the
increasing risks to human health. The use and production of several organic
pesticides has continuously increased since introduction of DDT in the
early 1940s, giving as a result a great family of organo chlorine pesticides
(5,6). The ineluctable consequence of the widespread use and availability
of pesticides is the problem of accidental or intentional poisoning. While
the annual number of deaths from pesticide poisoning is relatively small,
accidental poisoning by pesticides is a seasonal hazard faced by many

workers in respective fields.

Thus the need and addresses of various technologies and materials to
prevent and mitigate the pesticide contamination in natural environment is
essential. The technologies involve chemical, physical, microbiological,
integrated  practices including bioremediation, chemical remediation,
phytoremediation, ultrasonic radiation, mercury promoted hydrolysis,

adsorption, coagulation, reverse osmosis, pyrolysis, high-temperature oxidation,
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advance oxidation process etc. To use these technologies safely, it is essential to

find appropriate remediation reagents and conditions (7-15).

The traditional physical-chemical treatment such as nanofiltration,
ozonation, combustion, and others, are efficient but have inherent limitations
in applicability, effectiveness, and cost. Each method has its own limitations
and disadvantages. For example the adsorption onto clays or carbon filters
cannot degrade pollutants, which just transfer their phase and require further
treatment. In the case of high concentration of organic priority pollutants, the
activated sludge formation can be substantially intoxicated and suppressed.
The conventional treatment processes using biological species are very slow or
non-destructive for some kinds of compounds. Ozonation alone is less
effective, since its reaction with organic contaminants is selective and
generation of free radicals from its decomposition takes place only at elevated
pH conditions. Nowadays, the main disposal method of pesticide stocks is
incineration, which is expensive and not available in developing countries.
Thus the possible use of the technique for the removal of persistent organic
pollutants, such as pesticides in water, started receiving attention in the field of
research (1,5,8,16-21).

Among the various process mentioned above, the advanced oxidation
processes (AOP) by semiconducting photocatalyst materials, have been
considered as promising for the remediation of contaminated water (1, 22-26).
The photocatalyst materials generate the photo excited species such as holes
and electron in valence band and conduction band respectively on
semiconductors upon irradiation with light energy greater than or equal to its
bandgap. The reaction of this activated pair with the adsorbed water, and/or
with O,, and/or with hydroxyl groups at the semiconductor surface produces
highly reactive oxygen species such as hydroxyl radicals, peroxide radicals,

superoxide anions etc. These highly reactive oxygen species, transferred across
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the interface are capable of destructive removal of adsorbed organic species on
the semiconducting surface. Among the semiconductors used, titanium dioxide
has been demonstrated to be a very efficient catalyst and especially suitable to
work by solar UV light (2, 27-33). The advantages and the necessity for its
modification are already discussed in the previous chapters.

This chapter discusses the photocatalytic efficiency of the modified
titania catalysts such as nitrogen doped titania, nitrogen sulphur co doped
titania and the pure titania for the degradation of different organic
pollutants in aqueous media under visible light irradiation. The organic
pollutants used in these studies are 2,4-dichlorophenoxy acetic acid,
2,4,5-trichlorophenoxy acetic acid, monolinuron and aldicarb(these are
collectively called pesticides in our study). The selection of these organic
compounds on the basis of their application as water soluble pesticides and
herbicides and their concentration can be monitored using a HPLC
methods. Studies were carried out to demonstrate the effect of catalyst
amount, effect of time, effect of light source, effect of dopant
concentration, effect of various catalysts, effect lamp intensity and
reusability. However the qualitative and quantitative analysis of individual
by-products is often incomplete, due to technical and financial limitations.
Thus in present studies we ignore the mechanical pathway behind the
degradation of each pesticide and reports are purely based on the percent
degradation calculated from data obtained from the HPLC analysis. We use
a dichoric mirror of wavelength range in between 420-630 nm for visible
and 280-400 nm for UV light irradiation. The experimental setup and

conditions are explained in chapter 2.

After the irradiation the sample is centrifuged and filtered through a 0.2
micro pore membrane filter to ensure the removal of all the solid particles in

order to inject the sample in HPLC instrument. A Dionex model Ultimate 3000
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HPLC system with gradient pump, auto sampler of 20 micro liter injection
loop and photo diode array UV detector was used. The column used for this
purpose was a Thermo Hypersil reverse phase of ODS C-18 with dimension of

(150 x 4.6 mm) having particle size of 5um.

5.2 Activity studies
5.2.1 2,4-Dichlorophenoxyaceticacid

2,4-dichlorophenoxy acetic is commonly called 2,4-D. It is one of the
most commonly used herbicides in controlling broadleaf weeds and other
vegetation. 2,4-D and its derivatives are used to control broadleaf weeds in a
variety of places including home lawns, cereal and grain crops, commercial
areas, commercial turf, rights-of-way, and forests. Depending on the climatic
conditions, types of formulation used and the nature of soil, 2,4-D causes
certain environmental impact because of its widespread usage. It is a pollutant
of great environmental concern because of its relatively high solubility in
water. After its application to crops, the unused portions can leach below the
root zone or be washed out during precipitation and contaminate nearby water
sources. In addition, various amounts of 2,4-D have been detected in surface
water and groundwater not only during application of the herbicide but also
after a long period of use. 2,4-D has a mean lifetime of about 20 days, and its
degradation products accumulate. Because of the toxicity of 2,4-D and its
products, a conventional treatment method is not suitable for wastewaters
containing 2,4-D, as they can destroy the microbial population of the treatment
plants. Most microbial organisms lack enzyme systems to degrade these
substances. Thus, these compounds tend to accumulate in water and soil,
which is a reason they are termed recalcitrant or refractory compounds.
Therefore, the development of an effective degradation process for this

herbicide is very important (6, 34-38).
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Fig. 5.1. Structure of 2,4-dichlorophenoxyacetic acid

a. Effect of Catalyst amount

Studies involve a 10 molar aqueous solution of 2,4-D. About 10 ml
of solution was taken and catalyst of amount of 1g/L to 5 g/L with an
increment of 1g was used. Before irradiation the system was magnetically
stirred for 30 minutes under dark to establish the adsorption-desorption
equilibrium between the catalytic surface and the pesticide. The irradiation
time was limited to one hour based on the lamp life. The dichoric mirror of
420-630 nm was used as source for visible light. After the irradiation the
sample was centrifuged and filtered through micro pore membrane filter
using syringe pump. The concentration of the filtered sample was analyzed
using HPLC. The mobile phase used in this study was a 1.0ml/min solution
of methanol/water/trifluoroacetic acid in the ratio of 60:40:0.08 with UV
detection at 230 nm. The concentration of sample before the irradiation was
measured. The percent degradation was calculated using the relation,
{Co - C} X 100 / Co., where Co and C are the concentration of pesticide
before and after irradiation.

Photocatalytic degradation 2,4-D against the amount of catalyst is shown
in Fig. 5.2. From the results it is clear that the photocatalytic degradation
increases with increase of catalyst amount and reaches an optimum value and
above this not much change is observed. The optimum value in this case is 3 g/L.

The increase of photocatalytic activity with increase of catalyst amount is
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assigned to the increase of active surface for the formation of activated photo

excited species.

90 -

751

60 -

451
30

p
'

L2212

15-
oL

1 3 4 5
Amount of Catalyst (g/L)

Fig. 5.2. % Degradation of 2,4-D against amount of catalyst
Irradiation time: 1 hour; 2,4-D con. 10 ml of 10 * M
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The observation of lower activity at a higher catalyst dosage can be
explained as follows. When the titania loading exceeds the optimum dosage,
the presence of excess photocatalyst in the aqueous solution increases the
turbidity in the solution, which reduces the penetration of light, leading to the
generation of a less photo catalytically activated species which inhibit or retard

the further degradation of the pesticide compounds (39).

b. Effect of time.

A 50 ml of 10" molar aqueous solution of 2,4-D was used in this study.
The catalyst amount of 3 g/L was added, which was optimized by the above
experiment. Before irradiation the system was magnetically stirred for 30
minutes under dark to establish the adsorption-desorption equilibrium between
the catalytic surface and the pollutant. The irradiation time was limited to one
hour based on the lamp life. The dichoric mirror of 420-630 nm was used as

source for visible light. After the lamp was switch on, around 10ml of the
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suspension was pipetted out from the solution at an interval of 15 minutes each
up to one hour. The pipetted sample was centrifuged and filtered through
micro pore membrane filter using syringe pump. The concentration of the

filtered sample is analyzed using HPLC which is explained in earlier section
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Fig. 5.3. % Degradation of 2,4-D against time
Amount of Catalyst: 3 g/L; 2,4-D con. 10 ml of 10 4 M

Fig. 5.3 shows the percent degradation of 2,4-D against time. The result
shows almost a linear relationship with percent degradation and time. That is
the percent degradation increases with increase in the irradiation time. Here we
are limited to the irradiation time up to one hour (based on the life of lamp). As
time of irradiation increases more and more light energy fall on the catalyst
surfaces which increases the formation of photo excited species and enhance

the photocatalytic activity.

C. Effect of light source

In this study a10 ml 10 molar aqueous solution of 2,4-D was used with
a catalyst amount of 3 g/L and light illumination of one hour. The dichoric
mirror of 280-400 nm and 420-630 nm was used for the source of UV light and

visible light respectively. The experiment was also conducted without catalyst
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in visible light and a control without light source. Study involves a comparison
of the percent degradation by both modified catalysts with pure titania
prepared in our laboratory and a commercially available 100% anatase titania

in UV and visible light irradiation. The rest of them are same in above cases.

Table 5.1. % of degradation of 2,4-D against light source
Irradiation time: 1 hour; 2,4-D con. : 10 ml of 10 * M:;
Catalyst amount: 3 g/L

% of Degradation
Studies  NTio, | NS-TiO, L-TiO, A-TiO, el
(Xzi%i_bégo"gm) 596 | 907 300 203 | 00
(ng)\_/i(i)%':m) 306 | 408 | 639 | 933
Adsorption 1.0 1.0 1.0 1.0

Table 5.1 represent the percent degradation of 2,4-D against both the
modified catalysts and pure titania in UV and visible light irradiation. Results
shows that both the modified catalysts give better activity for the degradation of
2,4-D in visible light irradiation when compared with pure and commercial titania
whereas activity decreased in UV light irradiation. The examination of dark
reaction (i.e., without exposure to visible light) show that no significant variations
in 2,4-D concentrations was observed after one hour of mixing. This indicates that
no chemical or physical changes are involved between the two chemicals. The
higher activity of modified catalysts in visible light is attributed to the presence of
dopant elements, which helps in narrow the band gap of titania by introducing an
energy levels between the bandgap or by mixing with valence bands of pure
titania. The two key properties of dopants in the titania are the nature of dopant
and the effect of dopants on the electronic structure of titania, which can
intrinsically determine the photon absorption, redox power, and transport of photo
induced carriers (40). The presence of both the dopants attributed to the higher
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activity of NS-TiO, compared to the others. Moreover the higher surface area and

small particle size of the modified catalyst also contribute to the higher activity.

The higher activity of pure and commercial titania in UV irradiation is
attributed to its bandgap. It can be noted that pure titania exhibits a noticeable
activity in visible region is explained as follows. The actual absorption
spectrum of a photocatalyst is an overlapping result of intrinsic and extrinsic
absorption bands. The photoexcitation of extrinsic absorption bands of a
photocatalyst can also lead to surface photoreactions. The extrinsic absorption
originates from the photoionization of original or newly formed defects and the
excitation of surface states. Such extrinsic absorption requires less energy to
activate. Therefore, it is possible to generate free charge carriers to induce

surface chemical reactions by using visible light (41).

d.  Effect of dopant concentration

In this section we evaluate the percent of degradation of 2,4-D against
various catalysts including modified catalyst with different dopant
concentration and pure titania. Studies involve 10 ml 10* molar aqueous
solution of 2,4-D with a catalyst amount of 3 g/L and a visible light
illumination of one hour.

Table 5.2. % Degradation of 2,4-D against various catalyst

Irradiation time: 1 hour; 2,4-D con. : 10 ml of 10 * M,
Catalyst amount: 3 g/L

Catalyst % of degradation
N-TiO (I) 51.4
N-TiO, 59.6
N-TiO, (h) 54.9
NS-TiO; (1) 36.9
NS-TiO, 90.7
NS-TiO, (h) 45.6
L-TiO, 30.0
A-TiO, 29.3
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The percent degradation of 2,4-D against all the prepared catalysts are
shown in Table 5.2. It is noted that the activity of modified catalyst increases
with increase of dopant concentration and reaches an optimum value. When
the concentration of dopant is excessively high, the space charge region
became very narrow and the penetration depth of light into titania greatly
exceed the space charge layer. Therefore, the recombination of the photo
generated electron-hole pairs became easier. Thus it is clear from the results
that both N-TiO, and NS-TiO; give higher activity compared to others. To sum
up, there is an optimum concentration of dopant in titania for the most efficient
separation of photo generated carriers. The higher activity of modified titania
compared to pure titania is due to the effect of dopants which reduce the

bandgap and enhance the activity in visible light region.
5.2.2 2,4,5-Trichlorophenoxyacetic acid(2,4,5-T)

Cl
Cli

OH
O/\n/

Cl O

Fig. 5.4. Structure of 2,4,5-Trichlorophenoxyacetic acid

2,4,5-Trichlorophenoxyacetic acid (2,4,5-T), a synthetic auxin, is a
chlorophenoxy acetic acid herbicide used to defoliate broad-leafed plants. It was
developed in the late 1940s and was widely used in the agricultural industry until
being phased out, starting in the late 1970s due to toxicity concerns. It is closely
related to a number of other herbicides, such as 2,4-dichlorophenoxyacetic acid
(2,4-D) and 2-methyl-4-chlorophenoxyacetic acid (MCPA), which are plant
growth stimulants which cannot be metabolized by plants. It is considered to be
less readily biodegradable than the analogous herbicide 2,4-D. The greater
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resistance to microbial metabolism likely stems from the additional chlorine
substituent in the aromatic ring. At low levels, these herbicides can enhance
plant growth, but higher levels are herbicidal. Therefore if they are applied in
high concentrations they cause lethal, uncontrollable and grossly distorted
growth. The half-life of 2,4,5-T in soil varies with conditions, ranging from
several weeks to many months. 2,4,5-T degrades to 2,4,5-trichlorophenol and
other degradates. 2,4,5-T considerably irritates the eyes, and the skin. Chronic
exposure causes impairment of the liver function, changes in behaviour and
nerve damage. Intentional overdoses and unintentional high dose occupational
exposures to chlorophenoxy acid herbicides have resulted in weakness,
headache, dizziness, nausea, abdominal pain, myotonia, hypotension, renal and
hepatic injury, and delayed neuropathy (42-46).

a.  Effect of catalyst amount.

In this study a 10™ molar aqueous solution of 2,4,5-T was used. About 10
ml of solution was taken and catalyst of amount of 0.5g/L to 1.5 g/L was added.
Before irradiation the system was magnetically stirred for 30 minutes under dark
to establish the adsorption-desorption equilibrium between the catalytic surface
and the pesticide. The dichoric mirror of 420-630 nm was used as source for
visible light. After the irradiation the sample was centrifuged and filtered through
micro pore membrane filter using syringe pump. The concentration of the filtered
sample was analyzed using HPLC. The mobile Phase used in this study was a
1.0ml/min solution of methanol /water/tri-fluoroacetic acid in the ratio
70:30:0.064 with UV detection at 208nm. The concentration of sample before
the irradiation was measured. The percent degradation was calculated using the
relation as {Co — C} X 100 / Co., where Co and C are the concentration of

pesticide before and after irradiation.
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Fig.5.5. % Degradation of 2,4,5-T against amount of catalyst
Irradiation time: 45 min.; 2,4,5-T con. 10 ml of 10 * M

Fig. 5.5. shows the percent degradation of 2,4,5-T against catalyst amount.

It is observed that the initial degradation rate increases proportionally to
catalyst concentration. And it reaches a plateau, indicating a progressive saturation
of the photonic absorption by the catalyst for a given incident radiation flux.
Above this amount, the rate of decrease of 2,4,5-T concentration is not affected
further by a progressive increase in catalyst concentration. This phenomenon may
be due to the aggregation of catalyst particles at high concentrations, causing a
decrease in the number of surface active sites. The optimized catalyst amount in

this case is 1.0 g/L.

b. Effect of time

In this experiment a total of 60 ml 10“ molar aqueous solution of
2,4,5-T was taken and catalyst amount of 1.0 g/L was added. Before irradiation
the system was magnetically stirred for 30 minutes under dark to establish the
adsorption-desorption equilibrium between the catalytic surface and the

pollutant. The dichoric mirror of 420-630 nm was used as source for visible
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light. After the lamp was switched on, around 10ml of the suspension was
pipetted out from the solution at an interval of 10 minutes up to one hour. The
concentration of samples collected at each interval was measured using HPLC

and analysis details were explained in the previous section.
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Fig. 5.6. % Degradation of 2,4,5-T against time
Amount of Catalyst: 1 g/L; 2,4,5-T con. 10 * M
The photocatalytic degradation of 2,4,5-T against irradiation time is
shown in Fig. 5.6. It is noted from the results that the percent of degradation
increases with increase of irradiation and it reaches more than 80% with an
irradiation time of 45 minutes. When time of irradiation increases more and
more light energy falls on the catalyst surface which causes the generation of
higher amount of photo excited species. As the number of photo excited
species increases, it causes an increase in the reactive oxygen species

responsible for the degradation of the adsorbed species.

C. Effect of light source

In this study a10 ml 10 molar aqueous solution of 2,4,5-T was used
with a catalyst amount of 1 g/L and light illumination of 45 minutes. The
dichoric mirror of 280-400 nm and 420-630 nm was used for the source of UV

light and visible light respectively. The experiment was also conducted without
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catalyst in visible light and a control without light source. Study involves a
comparison of the percent degradation of both modified catalyst with pure
titania prepared in our laboratory and commercially available 100% anatase
titania in UV and visible light irradiation. The remaining part of the
experiments is same in previous cases.

Table 5.3. % of degradation of 2,4,5-T against light source

Irradiation time: 45 min.; 2,4,5-T con. : 10 ml of 10 * M;
Catalyst amount: 1 g/L

% of Degradation
Studies N\ Tio,  NS-TiO, L-TiO,  A-TiO, S
zfzs(i)kfgzggnhr;) 830 | 891 | 687 624 12.8
é\gol_iirg()nm) 746 768 | 931 | 955
Adsorption 3.9 18.1 9.2 16.5

The percentage of photocatalytic degradation of 2,4,5-T against the
modified catalyst and pure titania in both UV and visible light are shown in
Table 5.3. Results show that both the modified catalysts give higher activity in
visible and lower activity in UV light for the degradation of 2,4,5-T when
compared with pure and commercial titania. The dark reaction shows a
significant change in the concentration of catalyst which is attributed to the
adsorption property of the -catalysts. The significant change in the
concentration of 2,4,5-T without catalyst addition is due to leaching property
of the material under light. The higher activity of modified catalysts in visible
light was attributed to the presence of dopant elements, which significantly
reduce the crystallite size, reduce the band gap and control the surface property
through increase in the surface area. The presence of both the dopants
attributed to the higher activity of NS-TiO, compared to the other catalysts.
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d.  Effect of dopant concentration

In this section we evaluate the percent of degradation of 2,4,5-T against
various catalysts including modified catalyst with different dopant
concentration and pure titania. Studies involve 10 ml 10* molar aqueous
solution of 2,4,5-T with a catalyst amount of 3 g/L and a visible light

illumination of one hour

Table 5.4. % Degradation of 2,4,5-T against various catalyst
Irradiation time: 45 min.; 2,4,5-T con. : 10 ml of 10 * M,
Catalyst amount: 1 g/L

Catalyst % of degradation
N-TiO; (1) 60.1
N-TiO; 83.0
N-TiO; (h) 83.0
NS-TiO; (1) 69.0
NS-TiO, 89.1
NS-TiO; (h) 86.7
L-TiO, 68.7
A-TiO; 62.4

Table 5.4 exhibits the results of all the catalyst for the photocatalytic
removal of 2,4,5-T using visible light irradiation. The results show that the
optimized catalyst labeled as N-TiO, and NS-TiO, give better results.
Different loading of the dopants in titania reveals that at higher loading, the
space charge region narrows and the efficiency of charge separation is reduced
which results in the lower activities of the catalyst. An optimum concentration
of dopants make the thickness of space charge layer substantially equal to the
light penetration depth, because the space charge region becomes very narrow
when the concentration of doping ions is too high, and the penetration depth of
light into titania greatly exceeds the space charge layer, which will make the

recombination of the photo generated carriers easier (47). To sum up, there is
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an optimum concentration of dopant in titania for the most efficient separation
of photo generated carriers and photocatalytic activity. The higher activity of
modified titania compared to pure titania, results from the effect of dopants
which enhance the activity in visible light region by narrows the bandgap of

the titania semiconductor.

5.2.3 Aldicarb

Aldicarb a member of the N-methyl carbamate class of pesticides is
commonly used in agriculture and can be naturally degraded to its carbamate
metabolites, resulting in their occurrence in drinking water supplies. In its pure
form, the chemical takes on the appearance of a white crystalline solid, which
is scientifically known as 2-methyl-2-(methylthio)propionaldehyde O-methyl-
carbamoyloxime. Aldicarb does not degrade in groundwater under aerobic
conditions unless a relatively high pH exists, such as at pH 7.7. Carbamate
insecticide poisoning has signs and symptoms similar to organophosphate

poisoning, although the symptoms of the former are not as prolonged.

It is an active ingredient in the pesticide TEMIK®, a soil pesticide used
in the agricultural sector worldwide for over 30 years for the control of insects,
mites, and nematodes. On the contrary, aldicarb is not only acutely toxic, but
also can cause liver damage, changes in blood cells, and increase in cholesterol
levels. A variety of symptoms including weakness, blurred vision, headache,
nausea, tearing, sweating, and tremors are caused by aldicarb usage. Very high
doses can result in death due to paralysis of the respiratory system. The primary
route of human exposure to aldicarb comes from the consumption of
contaminated food and drinking water. This pesticide is highly toxic to birds and
moderately toxic to fish and aquatic invertebrates. Run-off from treated areas
may be hazardous to fish in neighboring areas. However, because of aldicarb's
acute toxicity, this pesticide must always be formulated as a granular mix that

contains only 10 to 15 percent of this active chemical ingredient (48-50).
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Fig. 5.7. Structure of aldicarb

a.  Effect of catalyst amount

A 10 ml of 10 molar aqueous solution of aldicarb and catalyst amount
of 1.0 g/L to 2.0 g/L with an increment of 0.5 g was taken for this study.
Before irradiation the system was magnetically stirred for 30 minutes under
dark to establish the adsorption-desorption equilibrium between the catalytic
surface and the pesticide. The sample was then irradiated for 30 minutes
using dichoric mirror of 420-630 nm as source for visible light. After the
irradiation the sample was analyzed through HPLC with mobile phase of
acetonitrile/water in the ratio of 30:70 (1.0ml/min) and UV detection at
246nm.
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Fig. 5.8. % Degradation of aldicarb against amount of catalyst
Irradiation time: 30 min.; Aldicarb con. 10 ml of 10 * M
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Photocatalytic degradation of aldicarb against the amount of catalyst
is shown in Fig.5.8. From the results it is clear that the photocatalytic
degradation increases with increase of catalyst amount and reaches an
optimum value. The optimum value in this case is 1.5 g/L. The increase of
photocatalytic activity with increase of catalyst amount is assigned to the
increase of active surface for the formation of activated photo excited

species.

This optimum limit depends on the geometry and working conditions of
the photo reactor and for a definite amount of catalyst in which all the
particles, i.e. surface exposed are totally illuminated. When the catalyst
concentration increases beyond the optimum value, it causes turbidity in
solution. This turbidity prevents the penetration of light to the catalyst surface.
Thus in any given application, the optimum catalyst concentration must be
determined, in order to avoid excess catalyst and ensure total absorption of

efficient photons.

b. Effect of time

Add 1.5 g/L of the catalyst to 60 ml of 10“ molar aqueous solution of
aldicarb. Before irradiation the system was magnetically stirred for 30 minutes
under dark to establish the adsorption-desorption equilibrium between the
catalytic surface and the pesticide. The dichoric mirror of 420-630nm was used
as source for visible light. After the lamp was switched on, around 10ml of the
suspension was pipetted out from the solution at an interval of 7 minutes each

up to 35 minutes and analyzed using HPLC.
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Fig. 5.9. % Degradation of aldicarb against time
Amount of Catalyst: 1.5 g/L; Aldicarb con. 60 ml of 10 * M

Fig. 5.9 shows the percent degradation of aldicarb against time. The
result shows a linear relation ship with percent degradation and time. That is
the percent of degradation increases with increase in the irradiation time. As
time of irradiation increases more and more light energy falls on the catalyst
surface which increases the formation of photo excited species and enhances

the photocatalytic activity.

C. Effect of light source

Studies involve the usage of 10 ml 10* molar aqueous solution of
aldicarb with a catalyst amount of 1.5 g/L and light illumination of 30minutes.
The dichoric mirror of 280-400nm and 420-630nm was used for the source of
UV light and visible light respectively. Blank experiment was also conducted
without using catalyst in visible light and also an experiment without light
source. Study involves a comparison of the percent of degradation of both

modified catalysts with pure titania prepared in our laboratory and commercially
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available 100% anatase titania in UV and visible light irradiation. Remaining

part of the experiment is same in above cases.

T able 5.5. % of degradation of Aldicarb against light source
Irradiation time: 30 min.; Aldicarb con. : 10 ml of 10 * M;
Catalyst amount: 1.5 g/L

% of Degradation
Studies  NTio, NS-TiO,  L-TiO,  A-TiO, \é\ggl‘l‘;‘g
zfg’(i)tf:;ggnh;) 72.8 84.4 35.9 42.0 8.2
th\slol-i%k(])tonm) 420 | 508 | 720 @ 956
Adsorption 8.9 12.6 11.2 32.2

Table 5.5 represents the percent of degradation of aldicarb against both
the modified and pure titania in UV and visible light irradiation. Results shows
that both the modified catalysts give better activity for the degradation of
aldicarb in visible light irradiation when compared with pure and commercial
titania whereas activity decreased in UV light irradiation. The adsorption
studies show that the commercial anatase sample gives very good adsorption
relationship with the aldicarb. The higher activity of modified catalysts in
visible light was attributed to the presence of dopant elements. The dopants
could lower the band gap of titania by the presence of an impurity state on the
upper edge of the valence band. Thus the mixing the N2p and/or S3p states
with O2p states could narrow the band gap of modified titania powders and
lead to a stronger absorption in the visible light region. The higher activity of

pure and commercial titania in UV irradiation is attributed to its bandgap.

d.  Effect of dopant concentration

In this section we can evaluate the percent of degradation of aldicarb

against various catalysts including modified catalysts with different dopant
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concentrations and pure titania. Studies involve 10 ml 10 molar aqueous
solution of aldicarb with a catalyst amount of 1.5 g/L and a visible light
illumination of 30 minutes.

Table 5.6. % Degradation of aldicarb against various catalyst

Irradiation time: 30 min.; Aldicarb con. : 10 ml of 10 * M,
Catalyst: 1.5 g/L

Catalyst % of degradation
N-TiO; (1) 42.0
N-TiO, 72.8
N-TiO; (h) 70.3
NS-TiO; (1) 38.8
NS-TiO; 84.4
NS-TiO; (h) 80.9
L-TiO; 35.9
A-TiO; 42.0

The percent of degradation of aldicarb against all the prepared catalysts
are shown in Table 5.6. The results showed that the optimized catalyst labeled as
N-TiO; and NS-TiO, gives better results. Different loading of the dopants on
titania reveals that at higher loading, the space charge region narrows and the
efficiency of charge separation is reduced which results in the lower activities of
the catalyst. An optimum concentration of dopants makes the thickness of space
charge layer substantially equal to the light penetration depth, because the space
charge region becomes very narrow when the concentration of doping ions is too
high, and the penetration depth of light into titania greatly exceeds the space
charge layer, which will make in the recombination of the photo generated
carriers easier (47). To sum up, there iss an optimum concentration of dopant in
titania for the most efficient separation of photo generated carriers and thus
photocatalytic activity. The higher activity of modified titania compared to pure
titania, results from the effect of dopants which enhance the activity in visible

light region by narrows the bandgap of the titania semiconductor.
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5.2.4 Monolinuron

Monolinuron belongs to the family of phenylurea herbicide. The IUPAC
name of the compound is 3-(4-chlorophenyl)-1-methoxy-1-methylurea. It is
used to control broad-leaved weeds and vegetable crops such as leeks
and potatoes. They inhibit photosynthesis. However, they may also damage
non-target aquatic primary producers such as phytoplankton, periphyton and
macrophytes, and in turn alter the ecosystem equilibrium. In aquatic ecosystems,
molecular transformations result from biotic or abiotic processes. Some of the
phenylurea by-products are known to show phytotoxicity equivalent to or even
higher than that of the starting compounds. They cause irritation to eyes, skin and
mucous membranes, coughing and shortness of breath, nausea, vomiting, diarrhea,
headache etc. (47,51,52).
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Fig. 5.10. Structure of monolinuron

a.  Effect of catalyst amount

In this study a 10 molar aqueous solution of monolinuron was used.
About 10 ml of solution was taken and catalyst of amount of 1.0 g/L to 5.0 g/L
added. Before irradiation the system was magnetically stirred for 30 minutes
under dark to establish the adsorption-desorption equilibrium between the
catalytic surface and the pesticide. The dichoric mirror of 420-630 nm was
used as source for visible light. After the irradiation the sample was
centrifuged and filtered through micro pore membrane filter using syringe
pump. The concentration of the filtered sample was analyzed using HPLC. The

mobile Phase used in this study was a (0.7 ml/min) acetonitrile/water in the
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ratio of 40:60 and UV detection at 240 nm. Then the percent of degradation
was calculated using the relation, {Co — C} X 100 / Co., where Co and C are

the concentration of pesticide before and after irradiation.
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Fig.5.11. % Degradation of monolinuron against amount of catalyst
Irradiation time: 1 hour; Monolinuron con. 10 ml of 10 * M

Fig. 5.11 shows the percent of photocatalytic degradation of
monolinuron against catalyst amount. The initial reaction rate of a
photocatalytic reaction is directly proportional to the titania concentration.
This behaviour is a consequence of the increase in the number of illuminated
particle surface, which produce a larger amount of reactive electron-hole pairs.
Nevertheless, there is a limit for the mass of catalyst to be introduced into the
reactor corresponding to the total absorption of the photons coming from the
light source. Higher amounts of titania results in a lower efficiency of the
reaction since screening effects become predominant. Assuming that the
optimal amount of the photocatalyst depends on the reaction condition, this
value has to be determined for each experimental condition. The optimized

catalyst amount in this case is 3.0 g/L.
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b. Effect of time

A total of 70 ml 10 molar aqueous solution of monolinuron was taken
and added catalyst amount of 3.0 g/L was added for this experiment. Before
irradiation the system was magnetically stirred for 30 minutes under dark to
establish the adsorption-desorption equilibrium between the catalytic surface
and the dye. The dichoric mirror of 420-630 nm was used as source for visible
light. After the lamp was switch on, around 10ml of the suspension was
pipetted out from the solution at an interval of 10 minutes up to one hour. The
concentration of samples collected at each interval was measured using HPLC

and analysis details are explained in the previous section.

904 v
| —=—NTiO, /

754 B NS-Ti02 =

T
" / —

30-. /

10 20 30 40 50 60
Time (min)

Fig. 5.12. % Degradation of monolinuron against time
Amount of Catalyst: 3 g/L; Monolinuron con. 10 ml of 10 * M

% of Degradation

The photocatalytic degradation of monolinuron against irradiation time
is shown in Fig. 5.12. It was noted from the results that the percent of
degradation increases almost linearly with increase of irradiation time. When
time of irradiation increases more and more light energy falls on the catalyst

surface which causes the generation of higher amount of photo excited species.
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As the number of photo excited species increases, the reactive oxygen species

increases which is responsible for the degradation of the adsorbed species.

C. Effect of light source

In this study a10 ml 10 molar aqueous solution of monolinuron was used
with a catalyst amount of 3 g/L and light illumination of one hour. The dichoric
mirror of 280-400 nm and 420-630 nm was used for the source of UV light and
visible light respectively. The experiment was also conducted without catalyst in
visible light and a control without light source. Study involves a comparison of the
percent of degradation of both modified catalyst with pure titania prepared in our
laboratory and commercially available 100% anatase titania in UV and visible
light irradiation. Remaining part of experiments is the same in all cases.

Table 5.7. % of degradation of monolinuron against light source

Irradiation time: 1 hour; Monolinuron con. : 10 ml of 10 * M:;
Catalyst amount: 3 g/L

% of Degradation
Studies ' NTio,  NS-TiO,  L-Tio,  A-TiO, \é\ggl‘;g:
zzizs(if'ggggnhr;) 78.3 949 | 365 = 579 | 201
(Uz\go'_i%tmm) 533. 697 | 902 = 983 | -
Adsorption 21.8 27.4 14.0 21.6

The percent of photocatalytic degradation of monolinuron against the
modified catalyst and pure titania in both UV and visible light are shown in
Table 5.7. Results shows that both the modified catalysts give higher activity
in visible and lower activity in UV light for the degradation of monolinuron
when compared with pure and commercial titania. The dark reaction shows a
significant change in the concentration of catalyst which is attributed to the

adsorption property of the -catalysts. The significant change in the
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concentration of monolinuron without catalyst addition is due to leaching
property of the material under light. The higher activity of modified catalysts
in visible light is attributed to the presence of dopant elements, which
significantly reduce the crystallite size and the band gap and control the
surface property through increase in the surface area. The presence of both the
dopants attributed to the higher activity of NS-TiO, compared to the others.

d.  Effect of dopant concentration

In this section we evaluated the percent of degradation of monolinuron
against various catalysts including modified catalyst with different dopant
concentrations and pure titania. Studies involve 10 ml 10 molar aqueous
solution of monlinuron with a catalyst amount of 3 g/L and a visible light

illumination of one hour

Table 5.8. % Degradation of monolinuron against various catalysts
Irradiation time: 1 hour; Monolinuron con. : 10 ml of 10 * M,
Catalyst: 3 g/L

Catalyst % of degradation
N-TiO, () 50.1
N-TiO; 78.3
N-TiO; (h) 76.2
NS-TiO; (I) 61.2
NS-TiO, 94.9
NS-TiO; (h) 90.8
L-TiO, 36.5
A-TiO; 57.9

Table 5.8 gives the results of all the catalysts for the photocatalytic
removal of monolinuron using visible light irradiation. It is noted from the
results that the activity of modified catalyst increases with increase of dopant

concentration and reaches an optimum value. When the concentration of
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dopant is excessively high, the space charge region became very narrow and
the penetration depth of light into titania greatly exceed the space charge layer.
Therefore, the recombination of the photo generated electron-hole pairs
became easier. Thus it is clear from the results that both N-TiO, and NS-TiO,
gives higher activity compared to others. To sum up, there is an optimum
concentration of dopant in titania for the most efficient separation of photo
generated carriers and thus photocatalytic activity. The higher activity of
modified titania compared to pure titania is due to the effect of dopants which

reduce the bandgap and enhance the activity in visible light region.

e. Reusability test

The reusability of the modified catalyst was evaluated by conducting a
second cycle of degradation of the compounds 2, 4-D and monolinuron. For this
purpose, the catalysts obtained after the first cycle was washed and activated by
heating half an hour of its calcination temperature. A 10 ml of 10 * molar aqueous
solution of each compound with 3 g/L of catalyst was irradiated with visible light
for one hour. After the irradiation the sample was collected, centrifuged, filtered
and measured its concentration using HPLC. The HPLC conditions were already

explained in the respective sections of each compounds.

Table 5.9. Reusability test of 2,4-D and Monolinuron.
2,4-D: Irradiation time- 1hour, Catalyst amount- 3 g/L
Monolinuron: Irradiation time- 1hour, Catalyst amount- 3 g/L

Studies % of Degradation
[Visible light 2,4-D Monolinuron
(420-630nm)]  N-TiO, NS-TiO, = N-TiO, = NS-TiO,
1st Cycle 59.6 90.7 78.3 94.9
2nd cycle 58.6 90.5 77.1 93.8

Table 5.9 represent the reusability result of modified catalyst against the

degradation studies of 2, 4-D and monolinuron respectively. It is clear from the
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results that both the modified catalysts give almost same percent degradation
in each cycle of studies. The relative error stands within 1%. This indicates
that the catalyst does not photo corrode, is not leached, is stable and exhibit

high photocatalytic efficiency in repeated cycles.

f. Effect of lamp power

In this section we evaluated the effect of light intensity for the degradation
of pesticides. For this purpose we used two different lamp systems of -150 W Xe
lamp with light irradiation intensity of 96.8 mW/cm? and 100 W Xe lamp with
light irradiation intensity of 64.7 mW/cm? respectively. A 10 ml of 10 * molar
aqueous solution of 2,4-D and monolinuron wer used with a catalyst amount of 3
g/L and visible light irradiation on 45 minutes.

Table 5.10. Effect of lamp power on 2,4-D and Monolinuron degradation

2,4-D: Irradiation time- 45 min., Catalyst amount- 3 g/L
Monolinuron: Irradiation time- 45 min., Catalyst amount- 3 g/L

Studies % of Degradation
[Visible light 2,4-D Monolinuron
(420-630nm)] | N-TiO, = NS-TiO, = N-TiO,  NS-TiO,
150 W Xe lamp
(96.8 mW/cm2) 68.2 94.6 74.9 98.9
100 W Xe lamp
(64.7 mW/cm2) 45.2 74.2 59.1 79.2

Table 5.10 represents the percent of photocatalytic degradation of 2,4-D
and monolinuron against the visible light source with different lamp power.
Results clearly indicate that in both cases the percent of degradation increases
with increase of lamp power. When the lamp power increases, its light
intensity also increases which enhance the production of more photo excited
species on catalyst surface. As number of photo excited species increases it
causes degradation of more pollutants adsorbed on the catalytic material and

enhances the activity.
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Photocatalytic Water Splitting Reaction
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In the development of new energy sources, hydrogen is one of the
most attractive fuels for the 21% century. Hydrogen has
considerable potential as an alternative fuel, especially if it can be
generated inexpensively from an abundant raw material such as
water. However, the efficient photocatalytic splitting of water to
generate hydrogen using sunlight remains an as yet unachieved
goal from a technological standpoint. A number of modification
techniques and chemical additives have been developed in recent
years to improve photocatalytic activity of TiO, under visible light
irradiation. The development of better catalysts, tailoring of
electronic structure and the reactivity as well as synthetic methods
can be employed for controlling the morphology of catalysts. It is
also going to benefited from recent progress in nano science. In
this section we evaluate the efficiency of our modified catalyst and
compare it with the unmodified titania for production of hydrogen
through water splitting reaction.
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6.1 Introduction

The modern society has been searching for a new form of energy that is
clean renewable, cheap and a viable alternative to fossil fuel due to the drastic
depletion of fossil fuels by their effective consumption and the serious
environmental problems accompanying their combustion. Sunlight in the near IR,
visible and UV region radiates a tremendous amount of energy and intensity to the
earth so that harnessing this solar energy would contribute significantly to our
electrical and chemical needs. Sustainable hydrogen production is a key target for
the development of alternative future energy systems that will provide a clean and
affordable energy supply. More over, it is carbon-free, facilitates use of more
efficient power generation systems (e.g. fuel cells) and can be used to chemically
reduce carbon oxides (CO, CO,;) to chemical fuels. But presently, 95%
commercial hydrogen is produced from the non-renewal sources such as fossil
fuels and the rest are obtained from other sources. Among them the major one is
water splitting. Renewable hydrogen production is not popular yet because the
cost is still high. Solar and wind are the two major sources of renewable energy
and they are also the promising sources for renewable hydrogen production. The
shifting to hydrogen based economy is based on various fundamental and
organizational factors, mainly concerning production, storage and distribution.
Among these, the production has received considerable attention. Hydrogen is also
a versatile energy carrier that is currently produced from a variety of primary
sources, such as fossil fuel, natural gas, naphtha, heavy oil, methanol, biomass,
wastes, coal, solar energy, wind, nuclear power, water etc. There are various
methods and technologies that haven been developed for the production of
hydrogen from these materials and few of them have already been practiced.

These technologies can be broadly classified as (1-11).

a) Thermo-chemical routes
b) Electrolytic
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c) Photolytic
d) Biochemical pathway
e) Chemical(steam reforming of hydrocarbon)

Each of these technologies can be coupled with one another and one can
generate further production methods. Among them photo-electrochemical and
photo- micro biological methods have been receiving considerable attention in
the last few decades. The term *‘photo electrochemical’’ refers to a scheme
wherein light is used to introduce an electrochemical process which includes,
Photoelectrolysis, Photocatalysis’ and Photo assisted splitting. The term
photoelectrolysis is correctly applied to a case involving semiconductor photo
electrode(s) in an electrochemical cell. Photocatalysis has been generally
applied to the case of semiconductor suspensions. Photo assisted splitting’” is
recommended for cases wherein the excitation light energy only partially
furnishes the voltage needed for the electrolysis process, the rest being

accommodated by an applied external bias (12).

Among the various materials for the hydrogen production, water gets
prominent role due to its large availability, easy to handle etc. Starting from
water as the materials for the hydrogen production, the approaches include
electrolysis, thermochemical water splitting, photoelectrolysis and
photocatalyzed water splitting. Among these methods, photocatalytic
production of hydrogen from water is the most attractive and rewarding work
because water is abundant and renewable. And the process can occur at
ambient conditions using only sunlight and a semiconductor photocatalyst (3).

Photocatalytic reactions are classified into two categories: uphill (Gibbs
free energy being positive) and downhill (negative). Water splitting into H,
and O, is accompanied by a large positive change in the Gibbs free energy i.e.,

it is an uphill reaction. In this reaction, photon energy is converted into
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chemical energy, as seen in photosynthesis by green plants. Therefore, this
reaction is termed as artificial photosynthesis. On the other hand, degradation
reactions such as the photo-oxidation of organic compounds using oxygen
molecules are generally downhill reactions. The reaction proceeds irreversibly.
This type of reaction is regarded as a photo induced reaction and has been

extensively studied using titanium dioxide photocatalysts (1,2,13).

There are two types of configuration adapted to a photo catalyst that can
be used for photochemical water splitting: (i) photoelectrochemical cells (ii)
particulate photo-catalytic systems. The photoelectrochemical cell for water
decomposition involves two electrodes immersed in an aqueous electrolyte,
one of which is a photocatalyst exposed to light. In particulate photocatalytic
systems, the photocatalysts are in the form of particles or powders suspended
in aqueous solution, in which each particle acts as micro photoelectrode that
performs both the oxidation and reduction reactions of water on its surface.
The particulate photocatalytic systems have the advantage of being much
simpler and less expensive than photo electrochemical cell. But it has got some
difficulty for the separation of stoichiometric products of hydrogen and oxygen

due to the possibility of reverse reaction (2).

Historically the discovery of photo electrolysis of water directly into
oxygen at a titania electrode and hydrogen at a Pt electrode by the illumination
of light with energy greater than the band gap of titania is attributed to Fujishima
and Honda through photocatalysis by titania. From this date, extensive work has
been carried out to produce hydrogen from water by this novel oxidation

reduction reaction using a variety of semiconductors (5, 14-17).

The water splitting process for H, generation has two major advantages
namely the raw material is abundant and cheap and the combustion of H, in air

produces water. This makes the whole process cyclic and non-polluting. From the
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view point of large-scale hydrogen production, particulate photo catalyst systems
are considered to be advantageous over more complex multilayer or tandem

structure devices and have a wider range of potential applications (18-20).

6.2 Mechanism

The schematic representation of water splitting reaction by photo

catalytic materials is shown in Fig. 6.1.

Hydrogen
Potential evolution site
(V vs. NHE) .
pH7
A hy > Eg e > ‘lr- .
(H*/H,) ‘ Ty A2
041 + C.B. o)
< \
Eq H*
HO | n
+0.82 4 —= VB x.
(Q,/H,0) £ s
Q, " A— -
A Photocatalyst
Oxygen -”

evolution site

Fig. 6.1. Schematic representation of photocatalytic water splitting
reaction over a semiconductor material.

Irradiation of light with energy greater than or equivalent to the band gap
of semiconductor photo catalyst can generate electrons and holes in conduction
band and valence band of photocatalyst. It causes reduction and oxidation of
adsorbed species on semiconducting material. To achieve better overall water
splitting, the bottom of the conduction band must be located at a more negative
potential than the reduction potential of H" to H, (0 V at pH 0), while the top of
the valence bands must be positioned more positively than the oxidation
potential of H,O to O, (1.23 V at pH 0). There fore, the minimum photon energy
thermodynamically required to drive the reaction is 1.23 eV (6, 21).
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In the last three decades, a large number of semiconductor materials
have been investigated for photoelectochemical process. The semiconductor
system which is efficient solar energy converter, should have optimized band
gap so as to make maximum utilization of solar radiation, and should also have

sufficient chemical stability against photo or other corrosion processes.

Many types of semiconductors with over 130 materials including oxides,
nitrides, sulphides, carbides, and phosphides, have been reported to act as
efficient photocatalyst for hydrogen evolution via water splitting with varying
degree of both positive and negative results. A few of them are semiconductors
containing elements such as Ga or In, compounds such as GaAs, CdTe and
CdSe, metal oxides such as ZnO, TiO,, ZrO,, SnO,, WOs;, Fe,03; RuO,,
sulphide such as CdS, ZnS, GaS, metal (oxy)sulfide, metal (oxy)nitride,
tantalates, niobates, Indates, Tungsten based materials, metal oxides with d°
and d'° electronic configuration, Perovskite type materils, Inorganic complexes
etc (12, 22-39).

Among these titania become a prominent one because of its favourable
band gap, high chemical and photochemical stability, biological inertness, low
cost, ease of method of preparation etc. A lot of studies with its modified
forms are still in progress. One of the main drawbacks of titania material is its
wide band gap energy which permits only its activity suitable by UV

irradiation.
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Although there has been extensive research during the last decades on
titania photo catalyst. An efficient photo catalyst active in visible region with
high quantum efficiency is still a dream today. Various methods for
improving the efficiency includes: dye sensitization, doping with metals and
non metals, coupled with other semiconductors etc (40-47). Among these the
non-metal doping predominates over others due to its strong visible
absorption by reducing the band gap by mixing their orbital with valence
band of titania.

Titania exists mainly in two phases- anatase (band gap 3.2 eV) and rutile
(3.0 eV). In most investigation it has been found that anatase is more active
than rutile and this can be explained by considering its electronic band
structure. The location of valence band of these two phases is almost same but
their conduction bands are slightly different. The conduction band potential of
rutile coincides almost with the NHE potential, whereas that of anatase is
shifted cathodically by almost 0.2 V. Hence the driving force for water
reduction is very small for rutile while the reduction takes place more easily in
the anatase form. When comparing rutile and anatase, the poor light absorption
capability of rutile causes lower mobility for photogenerated carriers which

decrease photocatalytic activity for water splitting (3).

Water decomposition is a very difficult and complex reaction. The
various intermediate chemical steps present a Kinetic limitation that decreases
the efficiency of the reaction. One possible way to overcome this problem is
the use of sacrificial electron donors or acceptors. The introductions of
sacrificial agent (electron donor or proton acceptor) increases the efficiency of
hydrogen production through suppressing the recombination of electrons and
holes by reaction irreversibly with photo induced species or by reverse reaction
between O, and H, (48-53).
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Organic compounds, such as alcohols (methanol, ethanol, isopropanol, etc.),
acids (formic acid, acetic acid, etc.), and aldehydes (formaldehyde,
acetaldehyde, etc.) have all been used as electron donors for photocatalytic
hydrogen generation. Among them, methanol was most widely used for the

hydrogen generation process. The suggested mechanic routes as follows (54, 55)

+ ° +
h + wo —> OH + H

[ J
CHOH + OH —— >  CH,0H + H,0

° +

CHOH ———>  HCHO + H T e
ZHZO —|_ e_ _— H2 —|— 20H
Overall rean. CH30H Catalyst/hp HCHO —+ H,

The product, formaldehyde (HCHO), could be further oxidized to
methanoic acid (HCOOH) and subsequently to CO, together with hydrogen
generation.

Catalyst / hv
_—

HCHO + H,0 HCOOH + H,

HCOOH Catalyst / hv co, + H,

In metal doping process, most time the doping species itself act as
recombination centre and reduce the photocatalytic efficiency. Whereas the
presence of noble metals on titania surface results in the formation of a
Schottky barrier at the metal/semiconductor interface, which leads to a
decrease in electron-hole recombination rate. Decreasing the over potential for
hydrogen evolution owing to a large over potential for the evolution of H, on
the surface of TiO,, the material alone becomes inactive. Usually, this problem
can be solved by loading TiO, with co-catalysts of noble metals, such as Pt,
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Pd, Au, Rh, and Ag. Loading these metals, which have a low over potential for

hydrogen, can make it easier to generate hydrogen (1, 3).

The crystallite defects largely contribute to the efficiency of the photocatalyst.
The defects itself promote as trapping and recombination centers between
photogenerated electrons and holes, resulting in a decrease in the photocatalytic
activity. The higher the crystalline quality, the smaller is the amount of defects.
Therefore, a high degree of crystallinity, rather than a high surface area, is
required for a photocatalyst, especially for an uphill reaction like water
splitting (1,13).

The objective of the present study is to investigate the effect of N doped
and N S co-doped titania for the production hydrogen through water splitting
reaction in visible region. The studies involve the effect of catalyst amount,
effect of time and also a comparison of modified catalysts with pure titania

prepared in laboratory and a commercial one.

6.3 Experimental section

The photoactivity of all the samples were evaluated under a medium-
pressure mercury lamp (Hg, Ace Glass Inc., 450W) irradiation in a closed
rectangular quartz cell equipped with a sampling and evacuation ports. The
samples were irradiated in an outer irradiation—type quartz cell where lamp
was surrounded with water circulation jacket to absorb IR irradiation. The
lamp exhibits broad range emission spectra with maxima at both UV and the
visible range. The lamp radiates 16% of the radiation in UV and remaining in
visible region. The catalytic activity experiments were conducted in static
mode for water in methanol (2:1 v/v %) mixtures, in the presence of well
dispersed catalyst. The reaction products were analysed over a period upto 6
h with an interval of 2h. A gas chromatograph (Netel (Michro-1100), India)

equipped with a thermal conductivity detector (TCD), molecular sieve
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column (4m length) with Ar as carrier was employed in the isothermal
temperature mode at 50°C oven temperature. The number of photons falling on
the reaction cell or flux of the light determined by light flux meter was observed to
be 19 x 10* lux or 278.2 watts/m? in horizontal geometry irradiation of

UV-visible photoirradiator.

6.4 Activity
a.  Effect of catalyst amount

Studies involve a 10:5 by volume ratio of water to methanol solution and
add catalyst amount of 0.05g, 0.1g and 0.15g respectively. After a four hour

irradiation of visible light the sample was collected and analyzed using gas

chromatography.
100+
T g o
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Fig. 6.2. Yield of hydrogen produced against amount of catalyst
Irradiation time: 4 hour; Water to methanol ratio 10:5

Fig. 6.2 shows the result of hydrogen obtained against the amount of
catalyst. It is clear from the figure that the yield of hydrogen increases with
increase catalyst amount. The active surface for the generation of photo
excited species increases with increase of amount of catalyst. But above an

optimized range there is no more higher activity.
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b.  Comparison study

In this study all the catalyst were used for evaluated for their activity in
visible light for the water splitting reaction. Studies involve a 10:5 volume
ratio of water to methanol with a catalyst amount of 0.1g. Sample was

collected and analyzed at an interval of 2 hours up to 6 hours.

16007 —aA—NS-TiO,
1400 —@—L-TiO,
1200{ —*—N-TIO,
5 1 —¥—A-TIiO
@ 1000 2
o 4
£ 800-
§ 600
T 400- / /l
200 /./.
] °
04 é‘/v v
-200 T T . - . T T
0 2 4 6
Time(hour)
Fig. 6.3. Yield of hydrogen produced with time against different
catalyst

Amount of catalyst: 1.0g; Water to methanol ratio 10:5

The comparison of results of the all the catalyst for the hydrogen
production is shown in Fig. 6.3. The results showed that the yield of hydrogen
increases with increase of time for all the catalyst except the commercial
titania (A-TiO,), which has a very low activity. It is also observed from the
result that NS co-doped titania gives better result than others and this is due to
the strong absorption band created by the dopants in visible region by mixing
with the valence band of pure titania. Moreover other factors such crystallite
nature, anatase phase, surface area, small particle size etc. also contribute to

their higher activity.
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Photocatalytic Anti-bacterial Study

7.1 Introduction
7.2 Experimental Conditions
7.3 Activity Studies
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Urgent development of effective and low-cost disinfecting
technologies is needed to address the problems caused by an outbreak
of harmful microorganisms. Semiconductor photocatalysis, especially
by titania and its modified forms has drawn much attention recently
due to its promising application in chemical conversion and storage
of solar energy for solar cells, hydrogen production, refractory
pollutants elimination, self-cleaning surface. It has become the most
important photocatalyst in environmental bio-decontamination for a
large variety of organisms, bacteria, viruses, fungi and cancer cells,
which can be totally degenerated and converted to CO,, H,O and
harmless inorganic anions. This chapter evaluates the
photocatalytic antibacterial efficiency of our modified titania, N-
TiO, and NS-TiO, for the deactivation of Escherichia coli bacteria
in aqueous medium using visible light irradiation.
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7.1 Introduction

Water sources polluted by industrial wastes contain high percent of
micro-organisms and organic compounds. Millions of deaths, many millions of
cases of disease and disabilities are caused by harmful microorganisms every
year. One of many reasons triggering off the deterioration of water quality and
causing difficulties in making water drinkable are living organisms, namely
bacteria, fungi etc. They influence many features of water quality, including its
smell, colour, turbidity, pH, the content of organic substances, the content of
nitrogen etc. Therefore, it is necessary to disinfect the polluted water, and thus

the technology behind the disinfection increases with increase on its demand.

A high level of trihalomethanes (THMs) and other carcinogenic disinfection
byproducts (DBPs) are resulted, when normal chlorination treatment of ground
water contains high total organic carbon. But it fails in the deactivation of some
pathogens, e.g. Cyptosporidium. In order to reduce the disinfection by-products
formation, it may be desirable to inactivate organisms and decompose organic
compounds prior to chlorine addition. Researchers are now focusing their efforts
on production of durable, environmental friendly, cost-effective and safe

antibacterial agents (1-5).

A lot of methods and materials are available for disinfection for water
which includes, treatment of chlorine dioxide, ozone, ultraviolet (UV)-
radiation, advanced filtration processes, photocatalytic oxidation, and materials
such as metal oxides, silver, copper, poly(ethylene imine), alcohols, iodine etc.
But the durability and life of such materials may be hindered by leaching of
the active components out of the coating. This leaching effect is also likely to
cause rapid development of resistance in bacteria. Among these the
photocatalytic process is considered to be the most convenient and least

expensive. This method follows a simultaneous treatment of photolytical
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sterilization of microbial cells and photo catalytical decomposition of organic
compound. (1, 2,6-18).

The antibacterial effect of heterogeneous titania semiconductor
photocatalyst was first demonstrated by Matsunaga et al. in 1985. Since this
report, the photocatalytic property has been widely studied in a variety of
micro organisms such as viruses, bacteria, fungi, algae, and also in cancer
cells. A lot microorganism such as Streptococcus mutans, Streptococcus
natuss, Streptococcus cricetus, Escherichia coli, scaccharomyces cerevisisas,
Lactobacillus acidophilus, poliovirusletc.were destructed effectively using
heterogeneous photocatalyst. Subsequently there have been a number of papers
reporting disinfection of bacteria, viruses and other pathogens by photoactive
titania and its modified forms (9, 19-23).

The advantages of photocatalytic disinfection are (3, 24).
a) No need of expensive chemicals
b) consumption of atmospheric oxygen as one of the reagent
c) Catalysts are reusable, inexpensive, non-hazardous
d) Solar light is used for the activation process
e) No need of any maintenance, power supply etc

f) It gives almost complete mineralization and deactivation of micro

organism
g) The technology can be applicable in remote and rural areas.
Among the various photocatalytic materials, titania becomes a

prominent one. The advantages and drawbacks of titania and its modification

are already discussed in previous chapters.
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The common existing bacteria in water such as Escherichia coli (Gram-
negative bacteria) species is taken as model for this study. Escherichia coli
(E.coli), classified as part of the Enterobacteriaceae family of gamma-
proteobacteria. E.coli mainly lives in the lower intestine of warm-blooded
animals (including birds and mammals), is one of the main species in bacterial
family. It causes diarrhea, gastroenteritis, urinary tract infection, pyrogenic
infection and septicemia. Its presence in groundwater is a common indicator of
fecal contamination. Thus the detection of E.coli in drinking water is taken as
evidence of recent pollution with human or animal feces, and is commonly

used as a model organism for bacteria in general.

o v ; .
EFEED L S8 BT ®i1Sedk BB ma
Fig. 7.1. A rod like image of Escherichia coli

The exact mechanism behind the deactivation of E.coli by photocatalyst
material is not yet known clearly. Some research groups suggested that the free
radicals that have been responsible for the cell DNA replication and the
modification of cellular membranes and others suggested the direct oxidation
of intracellular coenzyme. It cannot be ruled out by the possibility of

deactivation of E.coli by H,O, formed in the reaction system. The anti
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bacterial property of H,O, is well known and evidence of its formation in

irradiated semiconductor suspension is already reported in various groups.

The outer membrane of E. coli is composed of lipopolysaccharide (LPS, a
phospholipid layer) and peptidoglycan (periplasm). The strength of the cell wall is
mainly based on LPS and peptidoglycan, whose structure is mechanically a strong
network. Thus, the firm and resilient outer membrane of the cell plays an
important role in the maintenance of cell morphology. Without a mechanically
strong network, the cell will become elliptical or round. But the inner membrane

of the cell still existed; otherwise the cell would break apart (24-26).

The pairs of free electrons and holes are formed in the conduction and
valence band region of titania under light irradiation, which react with oxygen and

adsorbed hydroxyl group to produce further reactive oxygen species such as

superoxide (Q3) ;hydroxyl radicals (OH"), H,O, etc, can cause fatal damage to

microorganisms. These species could decompose outer membranes which consist
of lipopolysaccharide (LPS) and peptidoglycan. The damage of peptidoglycan will
change the morphology of E. coli. Without the protection of peptidoglycan and
phospholipid layer, the leakage of the interior substances would occur and the

cells eventually die (25-43).

In this chapter, we have discussing the application of modified titania
and pure titania photocatalyst for its antibacterial effect on the species E.coli in
aqueous media using visible light irradiation. Studies involve the effect of
catalyst amount, effect of time, comparison with pure and modified catalyst,

catalyst with different amount of dopant loading etc.

7.2 Experimental conditions

Escherichia coli were obtained from the Department of Marine Biology,

Microbiology and Biochemistry, Cochin University of Science and
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Technology. A sub culture was prepared using nutrient broth and it was
incubated at 37°C for 24 hr with 200 rpm in a rotary shaker. 10 ml of the
culture was washed with a 0.9% saline solution by centrifugation at 12000 rpm
for 15 minutes. The supernatant was discarded and the cells were suspended
in 10 ml normal saline. The cell suspension was serially diluted to get
proper concentration which was reported as number of colonies forming

unit/ml (cfu/ml).

7.3 Activity Studies

A fixed amount of the photocatalyst was added to 9 ml 0.9% saline
solution in a reagent bottle and it was sterilized by autoclaving at 120 °C and
15 Ibs for 30 minutes and mixed with 1ml of the prepared cell suspension after
cooling. The reaction mixture was stirred with a magnetic stirrer to prevent
settling of the photocatalyst. The reaction mixture was irradiated with visible
light obtained from a 100 W ozone free Xe lamp with a dichoric mirror of
420-630 nm. A bacterial suspension without photocatalyst was irradiated as a
control, and the reaction mixture with no visible light irradiation was used as a
dark control. After irradiation, 1 ml of the sample was spread on petridish
contained nutrient agar and incubated for 48 hours at 37 °C and then it was
taken out for counting. A triplicate of each experiment was conducted and its
average was taken. Anti bacterial efficiency (in percent) was reported using the
equation, {Co — C} X 100 / Co, where Co and C are the number of colonies

formed before and after irradiation.

a.  Effect of amount of catalyst

In this study a series of catalyst amount from 2.5, 5.0 and 7.5 mg was
added to the cell suspension solution and allowed to irradiation. Both the

modified catalysts such as N-TiO, and NS-TiO, were used for this purpose.
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After the irradiation, the number of colonies formed in each experiment was

calculated, which was explained.

100+

80

NS-TiO,

N-TiO,

60 -

40

20+

0 . / -

2.5 5.0 7.5
Amount of Catalyst (mg)

Antibacterial efficiency (%)

Fig. 7.2. Antibacterial efficiency against amount of catalyst.
Irradiation time: 1 hour.

The antibacterial efficiency of both the modified catalysts is shown in
Fig. 7.2. The result shows that the antibacterial efficiency increases with
increase in catalyst amount and reaches an optimum value and above this there
is no noticeable change. The optimum efficiency is reported in this case with a
catalyst dosage of 5.0 mg. The increase of activity with increase of catalyst
dosage is attributed to the increase in catalyst surface area, increase of light
absorption and consequently the creation of a higher number of active species.
However at higher loadings, beyond the optimum, parts of the catalyst were in
the dark and there was a decrease in the light penetration. Variation in the
degree of settling influences the consistency of the sampling process, total
amount of light absorption and scattering of the incident light by the catalyst.
These factors together contribute to a decrease in the efficiency of the catalyst

at loadings above the optimum level.
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b. Effect of time
Studies involve both the modified catalysts with an amount of 5.0 mg
and irradiation time of 20, 40 and 60 minutes. After the irradiation, the number

of colonies formed in each experiment was calculated.

100-
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>

O
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Fig. 7.3. Antibacterial efficiency against irradiation time.
Catalyst amount: 5.0mg
Fig 7.3 shows the antibacterial efficiency of both the modified catalysts
against irradiation time. The antibacterial efficiency of the both modified
catalysts increase with increase in light irradiation. As time of irradiation
increases, more and more photo excited species are formed. It causes increase

of reactive oxygen species and the deactivation of bacterial cell.

C. Effect of dopant concentration

Here we conduct the antibacterial efficiency of both the modified
catalysts with different amount of dopant source (details are shown in
chapter 2 and 3). A 5.0 mg of each catalyst was taken for this experiment
with one hour irradiation of visible light. The antibacterial efficiency was

calculated as explained earlier.
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Table 7.1. Antibacterial efficiency against effect of dopant concentration
. Catalyst amount: 5.0 mg; Irradiation time: 1hour

Catalyst Anti bacterial efficiency(%b)
N-TiO; (1) 86.2
N-TiO, 95.3
N-TiO; (h) 96.2
NS-TiO; (1) 89.5
NS-TiO, 98.8
NS-TiO; (h) 99.1

Table 7.1 shows the antibacterial efficiency of the modified catalysts
against the amount of dopant source. The results reveal that both the
optimized catalyst (N-TiO, and NS-TiO,) give better results. The presence
of dopants (impurities such as N and S) shows a higher degree of visible
light activity and it increases with increase of the dopant concentration. But
it can be noted that an optimized quantity of dopants in the catalyst that
gives a better result. Beyond that there is no noticeable change in the
activity. The overdose of dopants may cover the surface or exist in the
interface of titania crystallites, which can accelerate the aggregation of
titania particles and result in the growth of titania crystallites because of the

function of the bridge connection.

d. A comparison study

In this section we have discussed the results obtained by conducting the
experiments in dark and controlled conditions with modified titania, pure
titania prepared in the laboratory and commercial titania. In this experiment
about 5.0 mg of catalyst was taken, that was optimized in earlier studies with
visible light irradiation of one hour.
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Table 7.2. A comparison study.
Catalyst amount: 5.0 mg; Irradiation time: lhour

Catalyst Anti bacterial efficiency
(%)
N-TiO, 95.3
NS-TiO, 99.2
L-TiO, 53.1
A-TiO, 27.1
Without irradiation 6.5
Without Catalyst 10.0

Table 7.2 shows a comparison study of the antibacterial efficiency of the
modified catalyst against pure titania with a controlled and dark conditions.
The interaction between bacteria and the catalyst in the dark revealed that there
was a very little antibacterial efficiency. This indicates that the toxicity of the
applied photocatalyst to bacteria is not appreciable under the experimental
condition of this study. But a controlled experiment without catalyst shows a
little significant antibacterial activity which is attributed to the effect of light
intensity which causes the damage of cell wall under irradiation. It is
interesting to note that both the modified catalysts give more than 95%
antibacterial efficiency in visible light compared to pure samples which has a
maximum of 54% antibacterial efficiency (Fig. 7.4 and 7.5). The visible light
activity in non-metal doped titania may be caused by band-gap narrowing from
mixing the N 2p or S 3p states with O 2p states. It also provides an alternative
explanation that a localized N 2p or/and S 3p state formed above the valence
band is responsible for the visible light activity of the doped titania. More
detailed studies are required to conclude whether our S** doping can indeed
create intra-band-gap states close to the conduction band edges and thus induce
visible light absorption at the sub-band-gap energy. This would be similar to

the situation of conventional transition-metal ion doping.
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Fig. 7.4. Formation bacteria before light irradiation (dark control)

(B)

©) (D)
Fig. 7.5. Formation of bacteria after visible light irradiation of one hour.
(A) NS-TiOy, (B) N-TiOy, (C) L-TiO; and (D) A-TiO;
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8.1 Summary

Catalysis is a phenomenon which enhances the rate of reaction by a
substance without itself undergoing any change after the completion of the
reaction. The substance behind the process is called catalyst. Photocatalysis is
the process in which the catalytic reaction is activated by absorption of light
energy by the catalyst. Semiconductor materials become a very good
photocatalyst based on its bandgap. Among the various semiconductor
materials, titania becomes the prominent one. The high photocatalytic
efficiency, eco friendliness, chemical inertness, low cost of preparation,
thermal stability etc are the advantages of titania compared to others. In
photocatalytic process, titania catalyst absorb light energy and create photo
excited species such as holes and electrons in valence band and conduction
band respectively. These photo excited species are very good oxidants and
reductants (i.e., act as redox system) and also they create more powerful
oxidant and reductant by reaction with adsorbed water, hydroxyl and oxygen

species, which help for the degradation of adsorbed species on their surfaces.

Band gap, surface area, crystallite size, morphology, phase purity,
method of preparation etc are other of the factors which affect the activity of
photocatalyst. Titania exists mainly in three crystallite phases such as anatase,
rutile and brookite. Among which anatase phase exhibits better photocatalytic
activity than others with band gap of 3.2 eV. Even though titania is a very
good photocatalyst, its activity is limited to UV irradiation based on its band
gap. In order to bring its activity in visible region, we modify the titania by
doping non-metals such as nitrogen and co-doping with nitrogen and sulphur.
The prepared catalysts are characterized by various techniques such as XRD,
UV-Visible DRS, Surface area, SEM, TEM, XPS, Raman and TG analysis and
the results are correlated to their activities.
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One of the major applications of this technology is the degradation of
organic pollutants in water and air streams which is considered as one of the so-
called advance oxidation processes (AOP). In AOP methods the driving material
for the degradation of pollutants is the powerful oxidizing agent such as hydroxyl
radical obtained by the oxidation of photo excited holes with adsorbed water or
surface hydroxyl groups on titania materials. This research work includes
degradation of some selected dyes such as crystal violet, rhodamine B, methylene
blue and acid redl and pesticides such 2,4-D, 2,4,5-T, aldicarb and monolinuron
etc in agueous media which produces harmful effects on aquatic life. The research
also contributes the antibacterial study of E-coli and the generation of hydrogen

through photocatalytic splitting of water.

8.2 Conclusions

Chapter 1 This chapter contains a general introduction about photocatalysis
by semiconductors. This includes a brief history of catalysis,
photocatalysis, and the mechanism behind the photocatalysis. It
also explains the importance of titania as photocatalyst with its
structure, different methods of preparation, advantages, drawback
etc. The advantages and limitations of sol-gel method are described
briefly. The necessity for modification and different methods
available for the modification with its merits and demerits are also
highlighted. An outline of present research work was also

incorporated.

Chapter 2 This chapter contains a detailed description about the experimental
conditions, chemicals and technologies used for the preparation of
catalysts with its notation using sol-gel method. We also discussed
the theory and experimental basis behind various techniques
adopted for the characterisation of prepared catalysts such as XRD,
UV-Visible DRS, SEM-EDX, TEM, XPS, Elemental analysis,
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Raman spectra, TG etc. The instrument with its specification and
the experimental set up for the measure of photocatalytic activity

are well discussed.

Chapter 3 We have successfully synthesized pure titania, nitrogen doped titania
and nitrogen, sulphur co-doped titania through sol-gel methods using
titanium tetraisopropoxide, urea and thiourea as the main chemicals.
The phase purity and the crystalline nature of the prepared catalysts
are obtained from XRD analysis. All the prepared catalysts give
purely anatase phase. It is also confirmed by HRTEM, SAED and
Raman analysis. The crystallite size calculated using Scherrer
equation from the XRD data. It gives very good correlation of
particle size obtained from TEM. Particle size histogram showed
that they are in nano scale with average size of 8-13 nm. The band
gap reductions of the modified catalysts are calculated from UV-
Vis.DRS spectrum. The visible light absorption of the modified
catalysts is correlated to their bandgap. The presence of dopant
impurities such as nitrogen and sulphur are qualitatively confirmed
from the C, H, N, S elemental analysis and EDX analysis. The
physical colour change of the modified catalyst also reinforces the
presence of the dopant impurities in the modified catalysts. The
chemical composition and oxidation states of elements are obtained
from XPS analysis. Surface area is measured using BET method.
The surface morphologies of the catalysts are obtained from SEM
and TEM images, which show spherical and rectangular particles.
HRTEM and SAED images showed particles to be crystalline and
highly ordered in nature. Finally the thermal stability of the samples
are confirmed from the TG analysis and the calcination temperature

of catalysts are fixed to 400 °C.
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Chapter 4 This chapter is mainly discussing the photocatalytic degradation of
dyes materials in aqueous solution using visible light irradiation.
We have reported the efficiency of the modified catalyst with high
percent photocatalytic degradation of dyes such as Crystal violet,
Rhodamine B, Methylene blue and Acid red1. The optimum catalyst
amount for this study is 3 g/L. The synergic effect of the dopants N
and S confirms the better activity of NS-TiO, compared to others in
visible light. Around 75% of dyes are degraded with visible light
irradiation of one hour. The effect of catalyst amount, effect of time,
effect light sources and effect of dopant concentration are
successfully explained. Thus the application of modified titania
photocatalyst proves better efficiency in the degradation of dyes

using visible light irradiation which is correlated to its bandgap.

Chapter 5 In this chapter we are discussing the photocatalytic degradation of
few organic pollutants (collectively called pesticides) in aqueous
medium. Compounds such 2,4-dichlorophenoxyacetic acid,
2,4,5-trichlorophenoxyacetic acid, aldicarb and monolinuron are
selected and their photocatalytic degradation using the modified
and pure titania are studied well. More than 80% of all the
pollutants are photo catalytically degraded using modified catalyst
with a visible light irradiation with time less than one hour. Factors
affecting photocatalytic degradation such as catalyst amount,
irradiation time, light source, dopant concentration, lamp power
and reusability of the catalysts are well studied and discussed
successfully. The photocatalytic activity of the catalyst also tested
for reusability. The high correlation between the activity and lamp
power also observed. The phase purity, smaller particle size, high

surface area etc contribute to higher activity.

Department of Applied Chemistry, CUSAT s |AKRR



Chapter-8

Chapter 6 In this chapter we discuss the brief history about the hydrogen

production through photocatalytic water splitting reaction. This
includes the different materials and technologies for the
production of hydrogen, the general mechanism behind the
photocatalytic water splitting reaction on semiconductor
materials. The advantages of titania as photocatalyst with its
drawbacks and modifications are also discussed. The results
indicated that 0.1 g of NS-TiO, catalyst gives a good yield of
hydrogen with visible light irradiation of 4 hours when
compared with the same quantity and time of irradiation of
others catalysts. The higher surface area, high purity anatase
crystalline nature, small band gap etc. contributes the higher

activity of the modified catalysts.

Chapter 7 One of the major advantageous of photo catalytic disinfection is

that it completely ensures the deactivation of bacteria and
inhibits its re-emergence. This has a crucial role in commercial
application of disinfection process. Thus the application of
photocatalytic process is an effective substitute for normal
disinfection method to prevent the reappearance of bacteria in
treated water. In this section we have successfully deactivated
the Escherichia coli bacteria by irradiation of visible light using
both N and N S co-doped titania. Increasing the photocatalyst
concentration and time of irradiation provided more rapid

deactivation and it is optimized with catalyst dosage of 5.0 mg

Disinfection by titania photocatalyst with its modified forms
become a promising technology which has proven to be very
effective for the treatment of a wide range of biological species

in potable water. The technique can be used for the disinfection
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8.3

of water and wastewater even in areas which lack electricity and
other infrastructures. Concurrent removal of organic, inorganic
and bacterial pollutants from water is an added advantage of
titania photocatalysts. Its application is not limited its still on

continue.

Future Outlook

The present photocatalytic degradation studies are limited to few
dyes, pesticides and bacteria species based on the duration of

course. A lot of systems are still pending to be evaluated.

Moreover this study is limited only to the percent degradation; their
mechanical pathway for the degradation and existence of any

intermediate products is still not understood.

This study is limited to doping with nonmetals. Nowadays the co-
doping with metal and non-metal, multi elemental doping are the

hot topics.

This study is limited to sol-gel method for the preparation of
catalysts. Other methods are still opens for comparison of the

activity of catalysts.

This thesis discusses the photocatalytic applications of powdered
catalyst which lacks a complete recovery of catalyst after its
application. Thus new technologies are needed for complete

recovery of the catalyst without any loss of activity.

Thoroughly detailed mechanisms behind the photocatalytic
application with pure and modified catalyst are still a debate among

the researchers.
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