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ABSTRACT

Problem Formulation

Reactive dyes are the largest single group of dyes used in the textile industry and
have been selected for our study because they are difficult to eliminate by biodegradation
and sludge adsorption techniques in the wastewater treatment plants. The work on
photocatalytic oxidative degradation studies of reactive dyes in literature is limited as
compared to other dyes. Reactive dyes are known to form a covalent bond with the fibre
in the dyeing process. This leads to favorable properties such as wash-fastness. However,
unfixed dye reacts with water to form hydrolyzed or an oxo-dye intermediate that has lost
its bonding capacity and thus cannot be reused. Therefore dye recovery is not an option
with reactive dyes and the treatment process must lead to final destruction or disposal of
these contaminants. One method to remove reactive dyes from the wastewater is sorption
into sorbents in fixed bed filters but no successful regeneration has been reported.
Moreover, adsorption transfers the toxic dyes from one medium to the other without

converting it to harmless non-toxic substances.

The application of novel treatment methods encompasses investigations of
advanced oxidation processes (AOP’s), which are characterized by production of the
hydroxyl radical (OH) as a primary oxidant. Examples of AOP’s include the use of
(H20,/UV), semiconductor photocatalysis, ozonolysis and ultrasonic irradiation
(sonolysis), (ultrasound/O3) as important segmental or parallel processes and are found to
enhance OH radical production leading to higher oxidation rates and organic matter
mineralization. In this work, we investigated the photocatalytic oxidative degradation and
discoloration of various reactive dyes and dye intermediates using light
(UVlvisible)/semiconductor catalyst by optimizing the operational parameters to ensure
the rapid and complete transformation of the toxic organic compounds to benign
chemicals. Also the simultaneous sonochemical effect along with photochemical
oxidation process (light/semiconductor/ultrasound) is used which leads to faster
destruction rate.



Work Accomplished

The work done in this study has been presented in seven chapters as discussed in
the following text. After introducing the problem and its content in chapter 1, the study
begins with the literature review in chapter 2. Literature of various types of toxic
pollutants present in the industrial effluents, dyes, photocatalytic degradation, ultrasound,
reactor design, mechanism of photosensitization of TiO, under visible, UV and solar light

have been summarized in this chapter.

In chapter 3 experimental procedures, description of reactors, instruments used
and analytical techniques are discussed in detail. Chapters four, five and six deal with
degradation and kinetic studies of Reactive Red 198 (RR dye198), J-acid and industrial

effluent respectively. Conclusions are drawn in chapter seven.

In chapter 4, photocatalytic degradation of Reactive Red 198 (RR 198) has been
investigated in aqueous heterogeneous solution using different catalysts (Degussa P25
TiO,, ZnO, Hombikat UV-100) in immersion well and shallow pond slurry type reactors
under UV, visible and solar light. The disappearance of the dye follows approximately
pseudo-first order kinetic according to the Langmuir-Hinshelwood model. The adsorption
of dye on the semiconductor shows a strong dependence on the pH and follows a
Langmuir adsorption model. The studies include dark adsorption experiments at different
pH conditions. The degradation was determined by UV-Vis and decrease in COD with
time. The acceleration of photocatalytic degradation of RR 198 under visible light using
dye sensitized TiO; activation by the synergistic effect of ultrasound is also reported. The
effect of sonolysis, photocatalysis and sonophotocatalysis under visible light has been
examined to study the influence on the degradation rates by varying the initial substrate
concentration, pH, catalyst loading, H,O, concentration to ascertain the synergistic effect
on the degradation techniques. Further the presence and role of oxidative species, such as
singlet oxygen (*0.), superoxide (O,") and hydroperoxy (HO,") radicals was examined
with the use of appropriate quenchers of these species. The photocatalytic activity of RR
dye 198 dye sensitized TiO; is demonstrated by the degradation of phenol in the presence
of visible light. A comparative study using TiO,, Hombikat UV 100 and ZnO was also
carried out. GC-MS of the extract left after photocatalytic degradation was done to study
the intermediates formed during the reaction and thus to determine the reaction pathway.

Recyclibility of the photocatalyst was also studied to make the process more economical.

Vi



Besides, modification of the catalyst by sensitizers enhances the applicability of
the catalyst in utilizing both UV and visible light. This technology was extended to the
degradation of dye intermediates under visible light.

In chapter 5, degradation of a dye intermediate J-acid has been carried out in the
presence of UV and visible light using Degussa P25 TiO, and sensitized TiO; (TiO;
sensitized with Rose Bengal) in an immersion well type reactor. Degradation was carried
out by varying the parameters like pH, initial concentration, catalyst loading and optimum
conditions were determined. Effect of electron acceptors was also determined. Effect of
various photocatalysts (ZnO, Degussa P25, Hombikat UV 100) was also studied on the
photodegradation rate of J-acid. The degradation was studied by monitoring the change in
substrate concentration employing UV-spectroscopic analysis. Photodegradation of J-acid
was also carried out in sunlight in a shallow pond type reactor under optimized
conditions. To study the synergistic effect of ultrasound, sonophotocatalytic degradation
of J-acid was carried out under the optimized conditions. To extend the application of the
process to industrial scale and to make the process cost effective, recyclibility of the

photocatalyst was also studied under UV light.

In chapter 6, the degradation of effluent from a textile industry was done on
laboratory scale in a shallow pond type reactor using Degussa P25 under sunlight. The
degradation was done by varying conditions like pH, catalyst loading, initial
concentration, A/V ratio and electron acceptors such as hydrogen peroxide. The
degradation was studied by monitoring the decrease in COD values as a function of
irradiation time. Recyclibility of the photocatalyst was also studied so as to make the
process cost effective. The optimum degradation parameters for maximum degradation
were determined. Total solids, total dissolved solids and total suspended solids in the
effluent were also determined.

In chapter 7, the conclusions of the entire work are drawn.

vii
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Chapter 1
INTRODUCTION

After oil, what do you think is the most important commodity? Imagine the wars
we will get into when the commodity is even more critical than oil, say Water? In fact,
since it is a basic necessity for life itself, one would be inclined to believe that it is more
important than oil or money. By 2010, water shortage in many developing countries is
recognized as one of the most serious political and social issues. Steps should be taken for
recycling wastewater of the various industries as water has now become a key symbol of
protest around the world and is seen as the most serious social and political issue of this

generation.

A large number of organic substances are nowadays introduced into the water
system from various sources such as industrial effluents, agricultural runoff and chemical
spills. Their toxicity, stability to natural decomposition and persistence in the
environment has been the cause of much concern to societies and regulation authorities

around the world.

Till recently, the discharging of waste into the environment was the way to
eliminate them. The permitted discharge levels have been vastly exceeded, causing such
environmental contamination that our natural resources cannot be used for certain
purposes and their characteristics have been altered. Dyes, phenols, pesticides, fertilizers,
detergents, and other chemical products are disposed of directly into the environment,
without being treated, controlled or uncontrolled and without an effective treatment
strategy. Color removal from the textile wastewater has become an issue of interest
during the last few years because of the toxicity of the dyes and more often the colored

wastewater from the textile industries also decreases the visibility of the receiving waters.

1.1  Dyes and their intermediates, environmental concern

The textile dyes and dye intermediates with high aromaticity and low
biodegradability have emerged as major environmental pollutants (Arslan et al., 2000;
Sauer et al., 2002) and nearly 10-15% of the dye is lost in the dyeing process and is

released in the wastewater which is an important source of environmental contamination.



Considerable amount of water is used for dyeing and finishing of fabrics in the textile

industries.

The wastewater from textile mills causes serious impact on natural water bodies
and land in the surrounding area. High values of COD and BOD, presence of particulate
matter and sediments, chemicals which are dark in color leading to turbidity in the
effluents causes depletion of dissolved oxygen, which has an adverse effect on the marine
ecological system. As dyes are designed to be chemically and photolytically stable, they
are highly persistent in natural environments. The improper handling of hazardous
chemicals in textile water also has some serious impact on the health and safety of
workers putting them into the high-risk bracket for contracting skin diseases like chemical

burns, irritation, ulcers, etc. and respiratory problems.

1.2 Dye classification

All aromatic compounds absorb electromagnetic energy but only those that absorb
light with wavelengths in the visible range (~350-700 nm) are colored. Dyes contain
chromophores, delocalized electron systems with conjugated double bonds, and
auxochromes, electron-withdrawing or electron-donating substituents that cause or
intensify the color of the chromophore by altering the overall energy of the electron
system. Usual chromophores are -C=C-, -C=N-, -C=0, -N=N-, -NO, and quinoid rings,
while the auxochromes are -NH3, -COOH, -SOs;H and —OH groups. Based on chemical
structure or chromophore, 20-30 different groups of dyes can be discerned. Each different
dye is given a C.I. (Color Index) generic name determined by its application
characteristics and its color. The Color Index discerns different application classes which

are as follows (Abrahart, 1977):

1.2.1 Acid dyes

The largest class of dyes in the Color index is Acid dyes. Acid dyes are anionic
compounds that find their main application in dyeing nitrogen-containing fabrics like
wool, polyamide, silk and modified acryl. They bind to the cationic NH," ions of those
fibres. Most acid dyes are azo, anthraquinone or triarylmethane, azine, xanthene, nitro
and nitroso compounds. Rather than the presence of acid groups (sulphonate, carboxyl) in

the molecular structure of these dyes, the term ‘acid’ refers to the pH of the dyebaths.



1.2.2 Reactive dyes

Reactive dyes are dyes with reactive groups that are capable of forming a covalent
bond between a carbon atom of dye molecule and OH-, NH-, or SH- groups in fibres
(cotton, wool, silk, nylon). The reactive group is often a heterocyclic aromatic ring
substituted with a chloride or fluoride atom, e.g. dichlorotriazine. Another common
reactive group is vinyl sulphone. Most (~80%) reactive dyes are azo or metal complex
azo compounds but also anthraquinone and phthalocyanine reactive dyes are applied,
especially for green and blue color. In the Color Index, the reactive dyes form the second
largest dye class. During dyeing with reactive dyes (Fig. 1.1), hydrolysis (i.e.
inactivation) of the reactive groups is an undesired side reaction that lowers the degree of
fixation. Salt and ureum (up to 60 and 200 g L™ respectively) is added during the dyeing

process to increase the degree of fixation.

N Cl DYE N O-cotton

Fig. 1.1 Principle of cotton dyeing with a triazyl reactive dye

The reactive dyes are commercially available important class of textile dyes for
which losses through processing operations are significant and the treatment is
problematic. It is estimated that 10 to 50% of the dye will not react with the fabric and
remain hydrolyzed or unfixed form in the water phase. The problem of colored effluents

is therefore mainly due to the use of reactive dyes.

1.2.3 Metal complex dyes

Among acid and reactive dyes, many metal complex dyes can be found (not listed
as a separate category in the Color Index). These are strong complexes of one metal atom
(usually chromium, copper, cobalt or nickel) and one or two dye molecules, respectively

i.e. 1:1 and 1:2 metal complex dyes. Metal complex dyes are usually azo compounds.



1.2.4 Direct dyes

Direct dyes are relatively large molecules with high affinity for cellulose fibres.
Vander Waal forces make them bind to the fibre. Direct dyes are mostly azo dyes with
more than one azo bond or phthalocyanine, stilbene or oxazine compounds. In the Color
Index, the direct dyes form the second largest dye class with respect to the amount of

different dyes.

1.2.5 Basic dyes

Basic dyes are cationic compounds that are used for dyeing acid-group containing
fibres, usually synthetic fibres like modified polyacryl. They bind to the acid groups of
the fibres. Most basic dyes are diarylmethane, triarylmethane, anthraquinone or azo

compounds.

1.2.6 Mordant dyes

Mordant dyes are fixed to the fabric by the addition of a mordant, a chemical that
combines with the dye and the fibre. Though mordant dyeing is probably one of the oldest
ways of dyeing, the use of mordant dyes is gradually decreasing. They are used with
wool, leather, silk, paper and modified cellulose fibres. Most mordant dyes are azo,
oxazine or triarylmethane compounds. The mordants are usually dichromates or

chromium complexes.

1.2.7 Disperse dyes

Disperse dyes are scarcely soluble dyes that penetrate synthetic fibres (cellulose
acetate, polyester, polyamide, acryl, etc.). This diffusion requires swelling of the fibre,
either due to high temperatures (>120 °C) or with the help of chemical softeners. Dyeing
takes place in dyebaths with fine disperse solutions of these dyes. Disperse dyes form the
third largest group of dyes in the Color Index. They are usually small azo or nitro
compounds (yellow to red), anthraquinones (blue and green) or metal complex azo

compounds (all colors).

1.2.8 Pigment dyes
Pigment dyes (i.e. organic pigments) represent a small fraction of widely applied

group of colorants. These insoluble, non-ionic compounds or insoluble salts retain their



crystalline or particulate structure throughout their application. Pigment dyeing is
achieved from a dispersed aqueous solution and therefore requires the use of dispersing
agents. Pigments are usually used together with thickeners in print pastes for printing
diverse fabrics. Most pigment dyes are azo compounds (yellow, orange, and red) or metal
complex phthalocyanines (blue and green). Also anthraquinone and quinacridone pigment

dyes are applied.

1.2.9 Vatdyes

Vat dyes are water-insoluble dyes that are particularly and widely used for dyeing
cellulose fibres. The dyeing method is based on the solubility of vat dyes in their reduced
(leuco) form. Reduced with sodium dithionite, the soluble leuco vat dyes impregnate the
fabric. Next, oxidation is applied to bring back the dye in its insoluble form. Almost all

vat dyes are anthraquinones or indigoids.

1.2.10 Anionic dyes and ingrain dyes

Anionic dyes and Ingrain dyes (naphthol dyes) are the insoluble products of a
reaction between a coupling component usually naphthols, phenols or acetoacetylamides
and a diazotized aromatic amine. This reaction is carried out on the fibre. All naphthol

dyes are azo compounds.

1.2.11 Sulphur dyes

Sulphur dyes are complex polymeric aromatics with heterocyclic S-containing
rings. Though representing about 15% of the global dye production, sulphur dyes are not
so much used in Western Europe. Dyeing with sulphur dyes involves reduction and

oxidation, comparable to vat dyeing. They are mainly used for dyeing cellulose fibres.

1.2.12 Solvent dyes

Solvent dyes (lysochromes) are non-ionic dyes that are used for dyeing substrates
in which they can dissolve, e.g. plastics, varnish, ink, waxes and fats. They are not often
used for textile-processing but their use is increasing. Most solvent dyes are diazo
compounds that underwent some molecular rearrangement. Also triarylmethane,

anthraquinone and phthalocyanine solvent dyes are applied.



Structures of few organic dyes from various classes are given in Fig. 1.2.
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Fig. 1.2 Molecular Structure of few Organic Dyes

1.3 Other dye classes and dye intermediates
Apart from the dye classes mentioned above, dye intermediates are highly
aromatic compounds with low biodegradability which are formed as a result of

fragmentation of large dye moieties during the process of degradation. Such organic



compounds being toxic when introduced into the aquatic system cause various health
hazards thereby increasing the environmental risks. Various dyes intermediates are found
to be chloro or bromo derivatives of naphthalene or sulphonated, hydroxy, amino or nitro
aromatic compounds. Few dye intermediates found in the textile wastewater are shown in

Fig. 1.3.

0 NH,
OH
‘O o h
0 Br
1-Amino-4-bromoanthraquinone-2-sulphonic acid 2-Aminonaphthalene-1-sulphonic acid
(Bromamine acid) (Tobias acid)

Fig. 1.3 Dye intermediates

1.4  Discharge statistics of dyes

As azo dyes represent the largest class of organic colorants listed in the Color
Index (60-70% of the total) and their relative share among reactive, acid and direct dyes is
even higher, it can be expected that they make up the vast majority of the dyes discharged
by textile-processing industries. Anthraquinone dyes are the second largest class (~15%),
followed by triarylmethanes (~3%) and phthalocyanines (~2%) of the entries in the Color

Index.

Reactive dyes are known to form a covalent bond with the fibre in the dyeing
process. This leads to favorable properties such as wash-fastness. However, unfixed dye
reacts with water to form hydrolyzed or oxo-dye intermediate that has lost its bonding
capacity and thus cannot be re-used. Therefore dye recovery is not an option with reactive
dyes and the treatment process must lead to final destruction or disposal of these

contaminants.



1.5 Methods for removal of dyes and other organic compounds from
wastewater:

Various physical, chemical and biological pre-treatment and post-treatment
techniques have been developed over the last two decades to remove color from dye
contaminated wastewaters in order to cost effectively meet environmental regulatory
requirements. Chemical and biological treatments have been conventionally followed till
now but these treatment methods have their own disadvantages. The aerobic treatment
process is associated with production and disposal of large amounts of biological sludge,
while wastewater treated by anaerobic treatment method does not bring down the
pollution parameters to the satisfactory level and activated charcoal adsorption and air
stripping methods simply transfer the pollutants from one medium to another. They either
transfer it to the atmosphere, which causes air pollution, or to a solid which is often
disposed off in landfills or must be treated in an energy-intensive regeneration process.
Merely transferring toxic materials from one medium to another is not a long term
solution to the problem of hazardous waste loading on the environment. The recent
developments in water decontamination processes are concerned with the oxidation of
these bio-recalcitrant organic compounds. These methods rely on the formation of highly
reactive chemical species that degrade more number of recalcitrant molecules into

biodegradable compounds and are called advanced oxidation processes (AOP’s).

1.6 Advanced Oxidation Processes

Advanced oxidation processes (AOP’s), uniting together ozone and high output
ultraviolet technologies, in conjunction with hydrogen peroxide and catalyst are
successfully used to decompose many toxic and bio-resistant organic pollutants in
aqueous solution to acceptable levels, without producing additional hazardous by-
products or sludge which require further handling. Advanced oxidation processes involve
the generation of hydroxyl ("OH) radicals which oxidize the pollutants. After fluorine, the
hydroxyl radical is the second strongest known oxidant having an oxidation potential of
2.8 eV. It is able to oxidize and mineralize almost every organic molecule, yielding CO,

and inorganic ions as shown in Eq.1.1 and 1.2.

"'OH+RH — R+ H, 0 (Eq. 1.1)
R+ O, — RO, " — Products and CO, (Eq. 1.2)



Different combinations of homogenous and heterogeneous methods which involve
the generation of free radicals are, (i) photochemical irradiation with ultraviolet light
(coupled with powerful oxidizing agents like ozone, hydrogen peroxide and /or a
semiconductor), (ii) Fenton and Photo-Fenton catalytic processes (iii) Electron Beam

Irradiation technique and (iv) Sonolysis.

All these processes use UV range for degradation. The UV spectrum is arbitrarily
divided into three bands: UV-A (315 to 400 nm), UV-B (280 to 315nm) and UV-C (100
to 280 nm). Of these bands UV-A and UV-C are generally used in environmental
applications. UV-A radiations are referred to as long wavelength radiations or black light

and UV-C are referred to as short wave radiations.

Advanced oxidation processes’s can be broadly classified into the following groups:
1. Homogeneous photocatalysis

2. Heterogeneous photocatalysis

1.6.1 Homogeneous photocatalysis

The applications of homogeneous photodegradation (single-phase system) to treat
contaminated water, involves the use of an oxidant to generate radicals, which attack the

organic pollutants to initiate oxidation. The major oxidants used are:

e Hydrogen peroxide (UV /H,0,)

e Ozone (UV /0O3)

e Hydrogen peroxide and Ozone (UV /O3/H,0,)
e Photo-Fenton system (Fe™ /H,0,)



Table 1.1 Hydroxyl radical generation in different AOP’s (Homogeneous)

Method Key reaction Drawbacks

UV/H,0, H,O, +hy —»2HO® 1) Low molar extinction

co-efficient.
2) Absorbs A < 300nm, a

lesser component in solar

radiation.
UV/O; Os+hv— 5 0O, +0('D) Absorbs A < 300nm, a lesser
O('D)+H,0— HO"+ HO® component in solar radiation
UV/H;0,/03 | O3+ H,O + hv—_ 0, + H,0, Absorbs A < 300nm, a lesser

component in solar radiation

UV/H,0./Fe | H,O, + Fe¥—» Fe*" +"OH + OH 1) Process is expensive.
(Photo- Fe* + H,O+ hv > Fe*'+ "OH + H* | 2) Sludge disposal problem
Fenton) formed during the process.
3) Continuous supply of feed

chemicals are required.

Many of the AOP’s listed in Table 1.1 utilize the chemical, hydrogen peroxide.
The oxidising strength of hydrogen peroxide alone is relatively weak, but the addition of
UV light enhances the rate and strength of oxidation through production of increased
amounts of hydroxyl radicals. Hydrogen peroxide may also be used to enhance other
AOP’s if added in low concentrations, as the molecule easily splits into two hydroxyl

radicals.

1.6.2 Heterogeneous photocatalysis

Heterogeneous photocatalytic process consists of utilizing the near UV radiation
to photo-excite a semiconductor catalyst in the presence of oxygen. Under these
circumstances oxidizing species, either bound hydroxyl radicals or free holes, are
generated as shown in Fig. 1.4. Using photocatalysis, organic pollutants can be

completely mineralized reacting with the oxidizers to form CO,, water and dilute
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concentration of simple mineral acids. The process is heterogeneous because there are

two active phases, solid and liquid. This process can also be carried out utilizing the near

part of solar spectrum (A < 380nm) what transforms it into a good option to be used

(Malato et al., 2002).

o0
Ener %
L uv
CB ¢ T
o " H,Op +e—OH +0OH
m =3
= =
= )
i 5
j=i
T10, VB ph* k= H;O
*OH

*OH+E —» intermediates. —p COy + HO

Ti0 4 semiconductor photocatalyst process

Fig 1.4 Scheme showing some of the events that might be taking place on an irradiated

semiconductor particle

The semiconductor may be in the form of a powder suspended in the water or

fixed on a support. The most active photocatalyst for this application is the anatase form

of TiO, because of its high stability, good performance and low cost (Andreozzi et al.,

1999). The primary photocatalytic mechanism is believed to proceed as follows:

Ti0 + hv — e + h'y (Eq. 1.3)
h'y, + HO ——» OH + H' (Eq. 1.4)
€x + 00 —» 0y (Eq. 1.5)
20,) + 2H,0 ——» H,0, +20H + 0, (Eq. 1.6)
H,0, + €& ——» OH + ‘OH (Eq. 1.7)

In solids, the electrons occupy energy bands as a consequence of the extended

bonding network. In a semiconductor, the highest occupied and lowest unoccupied energy

bands are separated by a bandgap, a region devoid of energy levels. Activation of

semiconductor photocatalyst is achieved through the absorption of a photon of ultraviolet

bandgap energy which results in promotion of an electron (¢’) from the valence band

11



(VB) into the conduction band (CB) with the generation of hole in the valence band as
shown in the Fig. 1.4. The resulting hole is an oxidizing agent and the electron is a
reducing agent. In the generally accepted mechanism for the photocatalytic process, the
hole can react with water to generate the hydroxyl radical and the electron can reduce
molecular oxygen, hydrogen peroxide or some other oxidizing agent in the solution. This
creates the reactive radicals responsible for the removal of hazardous components from

the water.

TiO,/ UV process is known to have many advantages:

e A large number of organic compounds dissolved or dispersed in water can be

completely mineralized.

e The rate of reaction is relatively high if large surface area of the catalyst can be

used.

e TiO; is available at a relatively modest price and can be recycled on a technical

scale.

e UV lamps emitting in the spectral region required to initiate the photocatalytic

oxidation are well known and are produced in various sizes.

e Absorption cross-section of TiO, can be improved by its surface modifications,

e.g. by transition metal ion doping.

However, the only drawback in this method is that the liquid-solid separation is
expensive, due to the formation of milky dispersions after mixing the powder catalyst in
water. To solve this separation problem, fixed TiO; is prepared by coating a substrate
with a TiO; solution and in most cases the catalyst shows a higher photocatalytic activity
than the TiO; in slurry mode. However in general, the adherence of TiO, to support is not

by a chemical bond and the heavier catalyst can be worn off easily.

The various combined methods for "OH radical production mentioned above for
the decomposition of a wide variety of organic contaminants have been reported by
several authors and are of special interest since some of them can also use solar energy. A
common problem of all the AOP’s is their high cost, mainly due to high demand of

electrical energy for ozonizers and/or UV lamps. Application of solar irradiation to the
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photochemical process reduces cost but it is possible only for catalyzed homogeneous and
heterogeneous reactions using iron ions and titanium dioxide respectively. These catalysts
absorb at wavelengths of the solar spectrum while ozone and hydrogen peroxide do not

absorb above 300 nm, which is the most important condition for the use of sunlight.

1.7  Ultrasound and Photocatalysis

Furthermore, an integrated approach of ultrasound and photocatalysis of
wastewater is found to be advantageous but has not received much attention until
recently. When sonication is added to the photocatalytic system, significant changes are
produced. The high energy chemistry generated by ultrasound waves in liquid medium
promotes the oxidative destruction of target contaminants. Ultrasonic waves with
frequency > 16 KHz are high-energy waves, which are longitudinal and on passing
through a liquid medium produce its effects via cavitational bubbles. Formation and
behavior of the bubble of cavitations upon the propagation of the acoustic wave in the
liquid constitute the essential events that induce the sonochemical effects. The transient
cavities in the bubbles, produced using ultrasonic irradiation, exist briefly expanding to at
least double their initial size before violently collapsing into smaller bubbles. The
collapse of these bubbles can yield local pressures of hundreds of atmospheres and
temperatures of thousands of degrees resulting in solute thermolysis and the formation of
hydroxyl radical and H,O, by sonolysis of water. Dramatic enhancements in reactivity
and rates of chemical processes can arise from the process of cavitational collapse. In this
case the transformation of the organic pollutants occurs through reactions with hydroxyl
radicals generated from the collapsing bubble Eq. 1.8-1.10. Further, Concentration of the

organic material decreases as hydroxylation progresses (Eq. 1.11).

H.O —  » H + HO (Eq. 1.8)
0, — > 50" (Eq. 1.9)
(Eq. 1.10)
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OH

OH OH

— — — (0, ,CO (Eq. 1.11)
OH

HO

Sonochemical treatment leads to the generation of hydrogen peroxide. Thus,
sonochemical effect augments the photochemical process on simultaneous application to
photocatalytic degradation with dramatic rate enhancement and is effective for

degradation of organic pollutants present in the wastewater.

1.8 Catalyst

Research over the last three decades has not only confirmed the capability of
sunlight for detoxification and disinfection but also accelerated the natural process by the
use of catalysts. For oxidation reactions to occur the valence band (VB) must have a
higher oxidation potential than the material under consideration. The redox potential of
the valence band and the conductance band for different semiconductors varies between
+4.0 and -1.5 volts versus normal hydrogen electrode (NHE). Therefore, by careful
selection of the semiconductor photocatalyst, a wide range of species can be treated via
these AOP processes. Metal oxides and sulphides represent a large class of semiconductor
materials suitable for photocatalytic purposes. Table 1.2 lists some of the selected
semiconductor materials, which have been used for photocatalytic reactions, together with
the VB and CB potentials, the band gap energy and wavelength required to activate the
catalyst that produce this gap, the radiation must be of an equal or lower wavelength than

that calculated by that Planck’s equation (Eq. 1.12).

A =hc/ Epg (Eq. 1.12)

where Eyg is the semiconductor band-gap energy, / is the Planck’s constant and c is the

speed of light.
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Among the listed semiconductors, TiO, has proven to be the most suitable for
widespread environmental applications. ZnO also seems to be a suitable photocatalyst but
it dissolves in acidic solutions and therefore, cannot be used for technical applications.
Other semiconductor particles (e.g., CdS) absorb larger fractions of the solar spectrum
than TiO, and can form chemically activated surface-bond intermediates, but
unfortunately, such catalysts are degraded during the repeated catalytic cycles usually

involved in heterogeneous photocatalysis.

Table 1.2 Band positions of some common semiconductor photocatalysts in aqueous

solution at pH=1

Valence band Conductance Band gap Band gap

Semiconductor (V vs NHE) band eV) wavelength
(V vs NHE) (nm)
TiO; +3.1 -0.1 3.2 387
SnO; +4.1 +0.3 3.9 318
Zn0O +3.0 -0.2 3.2 387
ZnS +1.4 -2.3 3.7 335
WO; +3.0 +0.2 2.8 443
CdsS +2.1 -0.4 2.5 496
CdSe +1.6 -0.1 1.7 729

Titanium dioxide is widely used as white paint pigment, sun blocking material,
cosmetic, or as builder in vitamin tablets, among many other uses. It is biologically and
chemically inert; it is stable to photo and chemical corrosion, and is inexpensive. This
semiconductor exists in three crystalline forms: anatase, rutile, and brookite. Anatase and
rutile are the most common forms and the former is the most effective in wastewater
treatment. The band gap energies are approximately 3.2 eV for anatase and 3.0 eV for
rutile but the driving force for oxidative processes are similar. Anatase is
thermodynamically less stable than rutile, but its formation is kinetically favored at lower
temperature (<600°C), which could explain its higher surface area and its higher surface
density of active sites for adsorption and catalysis. Furthermore, TiO is of special interest

since it can use natural (solar) UV radiation. This is because TiO, has an appropriate
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energetic separation between its valence and conduction bands, which can be surpassed

by the energy of a solar photon.

One of the disadvantages of the particulate excitation of the semiconductors is the
high degree of recombination between the photo-generated charge carriers. As a result of
this electron-hole recombination, the efficiency of the semiconductors decreases thereby,

decreasing the quantum yield of the redox processes.

The other limitation of TiO, is that it utilizes only about 4-6% of the solar energy
reaching the earth’s surface which is in the UV region. This limitation is overcome by its
modification. It has been modified by doping of metal ions and photosensitization by
various colored organic and inorganic compounds, in order to extend the photo-response
of large bandgap semiconductors into the visible region to use them for the degradation of
colored organic contaminants and other organic pollutants. The metal ions added into
polycrystalline TiO, or photo-deposited metals increase the absorption. Therefore,

research on catalyst improvement has been done on the following points:

1. Physical and chemical modification of TiO; to improve the catalyst performance.

2. Dye sensitization to increase the useful wavelength range of the solar radiation.

The principle of photosensitized degradation on the semiconductor particle is illustrated

in Fig. 1.5.

wisihle

Fig. 1.5 Mechanism of TiO, under UV and visible light
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The mechanism of photosensitization approach for degrading dye molecules on TiO,

surface is shown as under:

dye + hv. —— > dye (Eq. 1.13)
dye” + Ti0, ——» dye't + e, (Eq. 1.14)
s + 0 — 5 0y (Eq. 1.15)
205 + 2H0 ——> 1,0, 1 201" + O, (Eq. 1.16)
M0+ ¢ — > OH + ‘Op (Eq. 1.17)
dye"" 0, (or 05 or‘OH )—> peroxide or hydroxyl intermediates (Eq. 1.18)

— > degraded or mineralised products (Eq. 1.19)

If the oxidation potential of the sensitizer is higher than the conductance band of
the TiO,, following initial excitation of the adsorbed dye under visible light irradiation,
electron is injected from the excited dye to the conduction band of TiO,. By carefully
eliminating the regeneration step, it is possible to initiate the oxidative degradation of the
dye. A variety of colored compounds have been investigated to act as photosensitizers. In
recent studies it has been suggested that photosensitized degradation on semiconductor
surfaces can have important applications for treating a particular class of colored

pollutants such as textile dyes.

1.9  Kinetics

An understanding of reaction rates and how the reaction rate is influenced by
different parameters is important for the design and optimization of an industrial system.
The rate of photocatalytic degradation depends on several factors including illumination
intensity, catalyst type, oxygen concentration, pH, presence of inorganic ions and the
concentration of organic reactant. The destruction rates of organics in photocatalytic
oxidation have been modeled by different kinetic models. Langmuir-Hinshelwood (L-H)
kinetics seems to describe many of the reactions fairly well. The rate of destruction is

given by Eq.1.20:

~dC/dt = ki ko CA1 +k C) (Eq. 1.20)
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In the ideal case, for which the L-H model is derived, C is the bulk solute
concentration, k; the reaction rate constant, k, the equilibrium adsorption constant and t
represents time. The L-H reaction rate constants are useful for comparing the reaction rate
under different experimental conditions. Once the reaction constants k; and k, have been
evaluated, the disappearance of the reactant can be estimated if all other factors are held
constant. For low solute concentration C, the L-H expression reduces to a pseudo first

order expression:

~dC/dt = ki k.C =kC (Eq. 1.21)

This equation has been shown to apply to many photocatalysed reactions. The
industrial pollutants levels are typically of the order of ppm, which are low enough for the
reaction rate to follow pseudo first order kinetics. Besides this ‘k’ reaction rate constant is
not a traditional rate-constant used in reaction engineering due to the nature of the
photocatalytic reaction, it is also a function of external system parameters such as UV

intensity, pH, catalyst loading, geometry of photoreactor and initial concentration.

1.10 Reactors
The reactors used for the solar photocatalytic treatment are categorized as follows:

1. Concentrating reactors

2. Non-concentrating reactors

1.10.1 Concentrating reactors

Since the photochemical processes depend on the collection of only high energy
short wavelength photon to promote photochemical reactions, these are reactors based on
the collection of large quantities of photons of all wavelengths. These are based on the
focus line parabolic trough concentrators which make use of direct solar radiation and as
an additional advantage, the thermal energy collected from the concentrated radiation
could simultaneously be used for other applications, so that the handling and control of
liquid to be treated is simple and cheap. The main disadvantages are that the collectors
use only direct radiations which are expensive and have low optical and quantum
efficiencies, resulting in a reaction rate constant dependence on the intensity (I) of UV

radiation as follows:
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kocl'? (Eq. 1.22)

These disadvantages tend to favor the use of non-concentrating reactors.

1.10.2 Non-concentrating reactors

Non-concentrating reactors are cheaper as compared to the concentrating reactors.
Their maintenance is also easy and is of low cost due to their simple structure and design.
They do not concentrate radiations, so that efficiency is not reduced by factors associated
with concentration and solar tracking. A disadvantage of the non-concentrating reactors is
the requirement of much larger reactor area. Researchers have proposed a number of

different designs of non-concentrating solar reactors which are as follows:

e Flat plate
e Tubular
e Falling film

e Shallow solar ponds

Pond reactors can be constructed on-site especially for industrial treatment. Since
industries already use ponds for biological treatment of wastewater, shallow solar ponds
can be used for the front end or the back end of a combined solar/ biological treatment of
wastewater. Thus, these reactors have the best chance of commercialization for
wastewater treatment in industries such as pulp and paper, textiles, pharmaceuticals and
chemicals. For shallow pond type reactor, the intensity dependence of the reaction rate

constant is given by
k/k, = m [I(A/V) /T4(A/V),]" (Eq. 1.23)

where ‘m’ and ‘n’ are empirical constants, A is the aperture and V is the volume

irradiated.

1.11 Objectives of the work undertaken

1) Photodegradation studies of various dyes and their intermediates using

semiconductor catalysts under UV light.
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2)

3)

4)

5)

1.12

1)
2)

3)

4)

5)

6)

Modification of TiO, by adsorbing dye sensitizers to perform degradation
studies under visible light.

Optimization of the photodegradation process by varying operational parameters
like pH, initial concentration of substrate, catalyst loading etc. for improving
effectiveness of the process.

Kinetic studies of the degradation process.

To study the effect of ultrasound on the photodegradation process.

Approach Adopted

Control experiments were done in the absence of TiO; and in dark.

Mainly water-soluble reactive dyes, dye intermediates and textile effluent were
photodegraded by varying the initial concentration of dye, catalyst loading, pH
(adding HC1 or NaOH) by UV light.

Different catalysts like TiO,, ZnO and UV-100 were tried for the above
mentioned compounds to find the most effective catalyst.

Surface modification of TiO, was done with different dye sensitizers and used
as a catalyst under visible light.

The kinetic studies were carried out by analyzing the samples using UV/visible
spectrophotometer, COD analysis  to observe  the complete
degradation/mineralization.

The combined effect of ultrasound and visible light was also studied.
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Chapter 2
LITERATURE REVIEW

2.1  AOP’s- Homogeneous and Heterogeneous

In the last 15 years or so, a rather fast evolution of research activities devoted to
environment protection has been recorded as a consequence of the special attention paid
to the environment by social, political and legislative international authorities, leading in

some cases to the delivery of very severe regulations (Legrini et al., 1993).

Gogate and Pandit (2004a, 2004b) in their review aimed at highlighting different
processes (belonging to the class of advanced oxidation processes) and the basics of these
processes including the optimum parameters and design aspects with a complete
overview of the various applications to wastewater treatment in recent years. Destructive
oxidation of organic compounds by a variety of homogenous and heterogeneous AOP’s
has been done effectively thereby increasing the biodegradability of the pollutants
(Balchioglu et al., 2003).

The use of AOP’s for wastewater treatment has been studied extensively
(Andreozzi et al., 1999; Chiron et al., 2000; Esplugas et al., 2002) and it has been
concluded that UV radiation by lamps is expensive. Therefore, research is presently
focused more and more on the two AOP’s i.e. homogeneous catalysis with photo-Fenton
and heterogeneous catalysis with UV/TiO,, with and without addition of oxidants, which
can both be powered by solar irradiation i.e. light of wavelength longer than 300 nm.
(Goswami, 1997; Konstantinou and Albanis, 2003; Robert and Malato, 2002). The
principles and the advantages of several typical homogeneous and heterogeneous AOP’s

system were summarized by Wu (1999a); Vogelpohl and Kim (2004).

Among the homogeneous oxidation processes, in a recent review by Neyens and
Baeyens (2003) they have emphasized the oxidation processes utilizing activation of
H,0; by iron salts, classically referred to as Fenton's reagent, known to be very effective
in the destruction of many hazardous organic pollutants in water. Few researchers
(Modirshahla et al., 2007; Liu et al., 2007; Lucas and Peres, 2006; Muruganandham and

Swaminathan, 2004a) have studied the degradation and decolorization of few organic
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dyes by Fenton and photo-Fenton processes by varying the various parameters like
catalyst loading, initial substrate concentration and pH. The photo-Fenton process proved
to be the most efficient and occurs at a much higher oxidation rate than Fenton process.
Studies have been done on treatment of wastewater using UV/H,0O,, UV/O3 and photo
assisted Fenton degradation techniques (Shu, 2006; Shen and Wang, 2002; Wang et al.,
2000; Venkatadri and Peters, 1993). Modirshahla and Behnajady (2006) investigated the
decolorization of Malachite Oxalate Green (MG) dye using UV radiation in the presence
of H,O; in a batch photoreactor at different light intensities. The semi-logarithmic graphs
of the concentration of MG versus time were linear, suggesting pseudo-first order
reaction. Shu and Chang (2005) studied the decolorization of six azo dyes by means of
03, UV/O3 and UV/H;0; processes. He reported that dyes with di-azo links were more
difficult to decolorize than mono-azo dyes and the results showed that UV/H,O, used
maximum energy which was 5-11 times that of UV/Oj; process, and 265-520 times more
than that of the ozonation process. Lafi and Al-Qodah (2006) successfully combined
advanced oxidation processes (O3/UV) with biological treatment processes to remove

both pesticides and the COD load from aqueous solutions.

Photocatalysis is a rapidly expanding technology for wastewater treatment. The
photocatalytic detoxification has been discussed as an alternative method for cleaning up
of polluted water in the scientific literature since 1976 (Carey et al., 1976). In his review
Bhatkhande et al., (2002) has discussed the applications of photocatalytic degradation and
chemical effects of various variables on the rate of degradation of different pollutants. A
growing interest in the purification of water by semiconductor photocatalysis especially
in the removal of toxic organic pollutants is evident by the ever-increasing number of

studies in this area (Inel and Okte, 1996; Mathews, 1988; Ollis et al., 1989, 1991).

Among heterogeneous AOP’s TiO, — mediated photocatalytic oxidation appears
to be a promising alternative. Various investigators (Muruganandham and Swaminathan,
2004b; Stylidi et al., 2003; Kositzi et al., 2004) have demonstrated that solar radiation is a
useful UV source for driving photocatalytic processes. There are number of general
reviews which cover aspects of the TiO, photocatalytic destruction of organic compounds
in water (Fox and Dulay, 1993; Hoffman et al., 1995; Kamat, 1993; Linsebigler et al.,
1995). In their review, Fujishima et al., (2000) have discussed progress in the area of

TiO, photocatalysis mainly for photocatalytic air purification, sterilization and cancer
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therapy, together with some fundamental aspects and have presented a novel photo-
induced super hydrophilic phenomenon involving TiO, and its applications. Herrmann
(1999) has described the basic fundamental principles as well as the influence of the main
parameters like mass of the catalyst, wavelength, initial concentration, temperature and
radiant flux governing the kinetics of heterogeneous photocatalysis in wastewater

treatment.

Mills and Lee (2002b) reviewed the major commercial applications of
semiconductor photochemistry. The basic principles behind the different applications are
discussed, including the use of semiconductor photochemistry to photo-mineralize
organics, photo-sterilize and photo-demist. The range of companies, and their products,
which utilize semiconductor photochemistry are examined and typical examples are
listed. They have done an analysis of the geographical distribution of current commercial
activity in this area. Blake (2001) published a bibliography listing 1200 publications and
patents on photocatalytic processes. He compiled a list of organic and inorganic
compounds with references which shows over 300 compounds including about 100 on the
US EPA priority list that can be treated by the photocatalytic process. Blake (1994) also
listed 42 review articles that cover various aspects of photocatalytic chemistry and
technology. In an article entitled “Solar photocatalytic detoxification” published in
Advances in Solar Energy; Blake et al., (1992) have reviewed in detail the fundamental
chemistry of solar photocatalytic detoxification and the preliminaries of engineering
system development. The degradation of many different model compounds has been
studied and it has been clearly shown that most of the organochlorine compounds as well
as many pesticides, herbicides, surfactants and colorings present in water can be
completely oxidized into non-toxic products like carbon dioxide, hydrochloric acid and
water (Mohamed, 2002; Morsi et al., 2000; Muneer et al., 2001; Oberg et al., 1993; Puma
and Yue, 1999; Soana et al., 2000).

In 1998, the US EPA (Environmental Protecting Agency) made an inventory of
more than 800 molecules that can be degraded by this process as shown in Table 2.1

(Robert and Malato, 2002).

23



Table 2.1 Main ranges of pollutants

Source Products

Chlorinated solvents Chloroform, carbon tetrachloride,
Trichloroethylene, chlorobenzene
Non-chlorinated solvents Acetone, acetonitrile, benzene,

cyclohexane, formaldehyde, phenol,

methylbenzene

Insecticides Aldrin, dichlorvos, lindane, parathion,
Monocrotophos

Pesticides Atrazine, monuron

Dyes Acid Orange 7, Green Malachite,

Naphthol Blue Black, Reactive Blue 19
Detergent Octoxynol (triton X-100)

2.2 Degradation of Pesticides, Chloro-organic compounds and
Detergents
A wide variety of pesticides, detergents and organic compounds, which are toxic
and stable to natural decomposition are nowadays introduced into the water system from
various sources such as industrial effluents, agricultural runoff and chemical spills and
their persistence in the environment is a subject of concern (Muszkat et al., 1994).

Various AOP’s are used to get rid of such compounds as reported in the literature.

Muneer and Bahnemann (2002) have investigated the photodegradation of two
selected pesticide derivatives, 3-tert-butyl-5-chloro-6-methyluracil (terbacil) and 2,4,5-
tribromoimidazole in aqueous suspension of titanium dioxide under a variety of
conditions employing a pH- stat technique and degradation studies were done by varying
different operational parameters. Shankar et al., (2004) fabricated a thin-film reactor with
immobilized TiO; and this reactor was used for photocatalytic mineralization of common
pesticides, 2, 4-dichlorophenoxyacetic acid (DPA) and monocrotophos (MCP). The
results clearly demonstrated that the good adsorption capacity of the support, and the
effective light utilization by Ti0O,, improved the photocatalytic activity of supported TiO,.
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Djebbar et al., (2006) reported that the photocatalytic degradation of many
chlorinated organic compounds by semiconductor particles, has been widely recognised
as a promising method of water and wastewater treatment process in literature. Pandiyan
et al., (2002) have investigated dehalogenation and destruction of halogenated phenols by
using photochemical methods. The reactants and products were analyzed by gas
chromatography. Dehalogenation was faster for monohalogenated phenols than poly-
substituted phenols. Hariharan (2006) investigated the photodegradation of aromatic
chloro organic contaminants using the fluorescence emission characteristics of ZnO
nanoparticles (ZnO-nano) in aqueous solutions. He concluded that the ZnO nanoparticles
served as a better catalytic system compared to bulk ZnO and commercially available

Degussa TiO; in achieving degradation of the added contaminants.

Horvath et al., (2005) in his study reported that photo-induced oxidative
degradation of both anionic (dodecyl sulfate) and cationic (cetyltrimethylammonium)
surfactants can be efficiently realized by simultaneous reduction of chromium(VI) to
chromium(Ill) and mercury(Il) to its metallic form in aqueous systems containing
colloidal titanium dioxide photocatalyst. Oyama et al., (2004) investigated the
photodegradation of a commercial detergent whose major components are an anionic
surfactant and a fluorescent whitening agent in aqueous TiO, dispersions under
irradiation with concentrated sunlight in the presence of air. The degradation process
followed apparent first-order kinetics. Horvath and Huszank (2003) in another study
investigated the Fe (III)-photo-induced oxidation of anionic lauryl sulfate (LS") and
cationic cetyltrimethylammonium (CTA") surfactants in aqueous solution. The complete
mechanistic studies have been reported which suggest the major role of OH radicals in

degradation of the surfactants.

2.3  Degradation of Dyes and Dye Intermediates

2.3.1 Review

Dyes and dye intermediates with high degree of aromaticity and Ilow
biodegradability are introduced into the aquatic system resulting in increase of
environmental risk. Dye pollutants from the textile industry are an important source of
environmental contamination. Several studies of photocatalytic degradation of dyes have

been reported (Chatterjee and Mahata, 2002; Herrera et al., 2000; Poulios and Tsachpinis,
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1999; Yang et al., 2001). Factors influencing the degradation rate of aqueous systems
have been studied such as effect of pH, dissolved oxygen contents and the amount of
photocatalyst added (Kiriakidou et al., 1999; Schrank et al., 2002). There are very few
studies related to the use of semiconductors in the photodegradation of photo-stable dyes
(Muneer et al., 1997). With the aim of elucidating the potential application of
advantageous photocatalytic processes, the kinetic and mechanistic aspects of dye
degradation have been investigated and reported in literature (Bauer et al., 2001; Galindo
et al.,, 2002; Houas et al., 2001). TiO,-mediated photocatalytic degradation of various
dyes was investigated in aqueous suspensions of titanium dioxide under a variety of
conditions by monitoring the change in substrate concentration employing UV
spectroscopic analysis and decrease in total organic carbon content as a function of
irradiation time ( Saquib and Muneer, 2003a; Qamar et al., 2005). Qaradawi and Salman
(2002) used titanium dioxide (TiO,) as a photocatalyst for the detoxification of water
containing Methyl Orange (MO), which was used as a model compound using solar
radiation as an irradiation source. Khalil et al., (1999) investigated photodegradation
processes of two azo dyes at TiO,/H,O interface under visible and ultraviolet light
irradiation with different experimental techniques (absorption and fluorescence

spectroscopy as well as total organic carbon analysis).

Vinodgopal and Kamat (1995) employed thin film semiconductor to enhance the
rate of azo dye photocatalytic destruction. Subrahmanyam et al., (1998) have studied the
photocatalytic degradation of textile dyes, Vat Blue, Fast Orange GC Base, Drimarene
yellow 3 GLI and Bromothymol Blue using a batch reactor. TiO, based catalysts
immobilized on ceramic beads and SiO, were used for many of the water-soluble
compounds. Neppolian et al., (2002b) investigated the photocatalytic degradation of three
commercial textile dyes with different structures using TiO, (Degussa P25) photocatalyst
in aqueous solution under solar irradiation as a function of COD reduction. Experiments
were conducted to optimize various parameters like amount of catalyst, concentration of

dye, pH and solar light intensity.

2.3.2 Degradation studies of various classes of dyes
Photodegradation of various classes of dyes has been a subject of research and is
reported in the literature. Reactive dyes have emerged to be the most important class of

dyes which are causing environmental pollution as only small amount of it is fixed and
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rest remains unfixed (Karcher et al., 2002). Several studies have been reported in the
literature for the degradation of the reactive dyes (Arslan et al., 2001; Gouvea et al., 2000;
Baran et al., 2003; Zielinska et al., 2003). Photocatalytic degradation of textile dye,
Reactive Red M5B has been carried out on TiO, and ZnO semiconductor particles by
Neppolian et al., (1998). Gopalkrishnan and Mohan (1997) presented the experimental
investigations on color removal from reactive dyeing wastes of cotton units using solar
energy through photocatalytic process for waste reclamation using locally available
Indian inexpensive ISI grade TiO,, the usage of which has not been reported earlier. Sauer
et al., (2002) presented in their work, a detailed investigation of the adsorption and
photocatalytic degradation of the Safira HEXL dye, an anionic azo dye of reactive class.
H,0; and UV light have a negligible effect when they were used on their own. The
adsorption of dye on the semiconductor shows a strong dependence on the pH and
follows a Langmuir adsorption model. Sivekumar and Shanthi (2001) reported the
photocatalytic studies on some textile reactive dyes, Procion Brilliant Magenta M-
B(PBM), Procion Brilliant Yellow M-4G(PBY) and Procion Brilliant Orange M-
2R(PBO) using different grades of TiO,, namely CDH, CERAC and DEGUSSA and they
concluded that TiO, (Degussa P-25) was superior to any other grade.

Sakthivel et al., (2002) prepared TiO, supported on alumina and glass beads and
determined their photocatalytic activities by photo-oxidation of commercial leather dye,
Acid Brown 14 in aqueous solution illuminated with solar light. Behnajady et al., (2007)
studied the photocatalytic degradation of C.I. Acid Red 27 (AR27), an anionic monoazo
dye of acid class, in aqueous solutions in a tubular continuous-flow photoreactor with
immobilized TiO, on glass plates under UV light. Results show that a linear relation
exists between pseudo-first-order reaction rate constant and reciprocal of volumetric flow
rate. Based on solar-Fenton process, the effect of pH value and the concentration of dye,
Fe’' ions, H,O, as well as oxalic acid concentration on acid dye, Eosin Y degradation

efficiency were investigated by Zheng et al., (2007).

Pandurangan et al., (2001) carried out the photocatalytic degradation of textile
dye, Basic Yellow Auramine O by a batch process using ZnO as the catalyst and sunlight
as the illuminant. In addition to removing the color from the dye solution, the COD was
also reduced suggesting that the fragments produced from the dye were mineralized. The

photocatalytic degradation of Crystal Violet, a triphenyl methane dye (also known as
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Basic Violet 3) in aqueous solutions was investigated with Ag" ion doped TiO, under
UV and simulated solar light by Sahoo et al., (2005). The dye (20 ppm) was found to
degrade about 88% after illumination for 10 h. The degradation kinetics fit well to

Langmuir—Hinshelwood rate law.

Park and Choi (2005) reported that the visible-light-sensitized degradation of
dyes was enhanced with Nf/TiO; not only for cationic dyes (Methylene Blue (MB) and
Rhodamine B (RhB) whose uptake on Nf/TiO, is enhanced, but also for an anionic dye
(AQ7) that is less adsorbed on Nf/TiO,. The unexpected behavior in AO 7 degradation
seems to be related to the role of the Nafion layer in retarding the charge recombination.
Hasnat (2005) studied the photocatalytic degradation of Methylene Blue, a cationic dye
and Procion Red, an anionic dye, in TiO; dispersions under visible light. Adsorption is a
prerequisite for the TiO, assisted photodegradation and the extent of degradation has
been discussed in terms of the Langmuir—Hinshelwood model. Baran et al., (2003)
studied the decoloration of solutions of azo, anionic (Acid Orange 7, Reactive Red 45,
Acid Yellow 23) and cationic (Basic Blue 41 and Basic Orange 66) dyes during
illumination with UV irradiation in the presence of TiO, and FeCls. The process of
decoloration during illumination of the solutions studied containing FeCl; underwent
significant intensification in the case of anionic dyes and unfavorable inhibition in case

of cationic dyes.

The adsorption and photocatalytic degradation of diazo Direct Yellow 12 and
Direct Black 38 in aqueous suspension of semiconductor oxide TiO, under UV light has
been investigated by Toor et al., (2006) and Regina et al., (2005) respectively. The
adsorption was described according to the Langmuir model. The disappearance of the dye
follows pseudo-first order kinetics. In another study, Rathi et al., (2003) reported the
photodegradation of Direct Yellow 12 using UV/H,0,/Fe*" as a function of concentration
and COD reduction. The results indicate that dye degradation is dependent upon pH, UV
intensity, concentration of Fenton’s reagent and dye. Shen and Wang (2002) successfully
carried out the treatment of Direct Yellow 86 dye wastewater by UV/H,O, process in
continuous annular photoreactors under UV light intensities, influx concentrations of dye,

dosages of H,O, and dimensions of photoreactor.

Saquib et al., (2007) have investigated the photocatalytic degradation of a dye
derivative, Disperse Blue 1 under UV light and sunlight in the presence of TiO; and H,O,
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under a variety of conditions, such as, different types of TiO,, reaction pH, catalyst and
substrate concentration containing hydrogen peroxide H,O, and molecular oxygen. The
degradation rates were found to be strongly influenced by all the above parameters.
Alaton (2004) has described a new method for disperse dye decolorization using the
photochemically active silicadodecatungstic acid (H4SiW1,04)" isopropanol (electron
donor) redox system. It was also evident that decolorization kinetics were first-order with
respect to dye concentration for concentrations up to 75 mg L™, and the photochemical
degradation rate became UV-light penetration limited (zero order) above 100 mg L™ dye

concentration.

2.3.3 Degradation of Dye intermediates

Rao et al., (2003a) focused on the influence of metal salts on the photocatalytic
efficiency of TiO, for the elimination of two azo dyes, Acid Orange 7 (AO 7), tartrazine
and a dye intermediate, 3-Nitrobenzenesulfonic acid (3-NBSA). A beneficial effect of the
presence of metallic species was observed only with samples containing silver. Advanced
oxidation process utilizing Fenton's reaction was investigated for the decolorization and
degradation of two commercial dyes viz., Red M5B, Blue MR and H-acid, a dye
intermediate by Swaminathan et al., (2003). He concluded that the initial oxidation
reaction was found to fit into first order rate kinetics and the rate of oxidation of H-acid
was higher than the other dyes. Oxidative treatment of H-acid and Reactive Black 5
(RB5) using Fenton reagent (Fe*'/H,0,) and the Electro-Fenton (EF) method was
reported by Rao et al., (2006). Noorjahan et al., (2003) in her work focused on the
heterogeneous photocatalytic degradation of H-acid, a toxic and non-biodegradable dye
intermediate, in TiO; suspensions and TiO; thin film fixed bed reactor. It was concluded
that photocatalytic treatment significantly reduces COD and increases the

biodegradability of H-acid.

2.4  Catalyst

There are a number of different semiconducting materials which are readily
available, but only few are suitable for sensitizing the photo-mineralization of wide range
of pollutants. The semiconductor to be used as photocatalyst for photo-mineralization of
wide range of organic pollutants must be (i) photoactive (ii) able to utilize visible and or
near UV light (iii) biologically & chemically inert and (iv) photo-stable. Barbeni et al.,
(1985) performed the photodegradation of pentachlorophenol sensitized by dispersion of
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the following semiconductors, TiO,, ZnO, CdS, WOs3, SnO, and showed that of all the

different semiconductor photocatalysts tested, TiO, appears to be the most active.

Titanium dioxide in the anatase form appears to be the most photo-active (Rao et
al., 1980; Nishimoto et al., 1985) and the most practical of the semiconductors for
widespread environmental application such as water purification, wastewater treatment,
hazardous waste control, air purification, and water disinfection. ZnO appears to be a
suitable alternative to TiO,; however ZnO is unstable with respect to incongruous
dissolution (Carraway et al., 1994; Hoffmann et al., 1994; Bahnemann et al., 1987) to
yield Zn(OH), on the ZnO particle surfaces and thus leading to catalyst inactivation over
time. Photocatalytic degradation of various azo dyes in water using slurry reactor in the
presence of ZnO as a photocatalyst under UV light irradiation have been studied and the
effects of various process variables on the degradation performance of the process have
been investigated (Akyol and Bayramoglu, 2005; Nishio et al., 2006, Lizama et al.,
2002). Studies have also been done using catalysts like ZnO under sunlight (Neppolian et
al., 1998; Chakrabarti and Dutta, 2004) and good results have been obtained but their
applications remain limited only by pH. Jang et al., (2006) compared the photocatalytic
activity of ZnO nanoparticles and its nano-crystalline particles using methylene blue
under UV light illumination. The photocatalytic degradation capacity of the ZnO

nanoparticles was higher than that of the ZnO nano-crystalline particles.

It is generally found that only n-type semiconductor oxides are stable towards
photo-anodic corrosion, although such oxides usually have bandgaps, which are
sufficiently larger than the semiconductors, which absorb only UV light. CdS is an
example of a highly active semiconductor photosensitizer, which has the highly desirable
feature that, it can be activated using visible light (thus sunlight could be used). But as is
typical for visible light absorbing semiconductors, it is liable to photo-anodic corrosion
and this feature renders it unacceptable as a photocatalyst for water purification

(Revtergardh and Iangphasuk, 1997; Karunakan and Senthivelon, 2005).

Kohtani et al., (2003) demonstrated that photocatalytic degradation using visible
light driven BiVO, photocatalysts useful for the higher alkylphenols because the
hydrophobic nature of long alkyl chain results in large amount of adsorption by BiVOa.
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Linder et al., (1997) have reported that anatase TiO, powder is a highly active
photocatalyst. In recent years, Degussa P25 TiO, has set the standard for photoreactivity
in environmental applications, although TiO, produced by Sachtleben, Germany (Martin
et al., 1994a & b) show comparable reactivity. Degussa P25 TiO; has effectively become
a research standard because it has (i) reasonably well defined nature (i.e. typically
nonporous 70:30% anatase-to-rutile mixture with a BET surface area of 55+15 m’g” and
crystallite sizes of 30 nm in 0.1 um diameter aggregates and (ii) a substantially higher
photocatalytic activity than most other readily available samples of TiO,. Fujishima et al.,
(2000) gave in his review, current progress and applications in the area of TiO,
photocatalysis, mainly photocatalytic air purification, sterilization and cancer therapy.
The photocatalytic efficiency of several TiO, (namely Degussa P25, UV100 and PC500)
used as suspensions are compared for the photocatalytic degradation of triphenylmethane
dye by Saquib and Muneer (2003a). Degussa P25 was found to be the most efficient
photocatalyst for the degradation of the dye. It was explained on the basis of the slow
electron-hole recombination in case of Degussa P25. Sivekumar and Shanthi (2001)
reported the photocatalytic studies on some textile reactive dyes using different grades of
TiO, namely CDH, CERAC and DEGUSSA and they concluded that TiO, (Degussa P-25)

was superior to any other grade.

Many researchers claim that rutile is catalytically inactive (Mills et al., 1993a &
b, Martin et al., 1994c) or a much less active form (Karakitsou and Verykios, 1993;
Ohtani and Nishimoto, 1993) of TiO,, while others find that rutile has selective activity
toward certain substrates. However, Domenech (1993) has shown that TiO; in the rutile
form is a substantially better photocatalyst for the oxidation of CN’ than is the anatase
form; on the other hand, he also showed that Degussa P25 was a better catalyst than rutile

for the photo-reduction of HCrO,4™ (Peral et al., 1990).

Martin et al., (1994c) reported an increase in photo degradation rates of 4-
chlorophenol as the anatase form of TiO, is calcined progressively from 100 to 400°C
(i.e., the particles calcined at 400°C yield the highest photo degradation rates) and then a
decrease in photo degradation rate was noted for samples calcined above 500°C. For
comparison, the photonic efficiency was found to be 0.23 for anatase (400°C) and 0.03
for rutile (800°C).
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2.4.1  Surface Modifications of TiO,

As was stated earlier in this review, one of the most active fields of research in
heterogeneous photocatalysis using semiconductor particles is the development of a
system capable of using natural sunlight to degrade a large number of organic and
inorganic contaminants in wastewater (Matthews, 1987; Ollis et al., 1993, 1991). The
overall photocatalytic activity of a particular semiconductor system for the stated purpose
is measured by several factors including the stability of the semiconductor under
illumination, the efficiency of the photocatalytic process, the selectivity of the products
and the wavelength range response. For example, small band-gap semiconductors such as
CdS are capable of receiving excitation in the visible region of the solar spectrum, but are
usually unstable and photodegrade with time (Henglein, 1982). On the other hand, TiO; is
a quite stable photocatalyst, but since the band gap is large (E»; = 3.2 €V) it is only active
in the ultraviolet region, which is < 4-6% of the overall solar intensity as shown in Figure
2.1 (Jackson, 1975). The limitations of a particular semiconductor as a photocatalyst for a

particular use can be surmounted by modifying the surface of the semiconductor.
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Fig. 2.1 Solar spectrum at sea level with sun at zenith

2.4.2 Metal modification of TiO,

In photocatalysis, the addition of noble metals to a semiconductor can change the
photocatalytic process by changing the semiconductor surface properties thereby
enhancing the rate of photocatalytic reaction. Figure 2.2 is an illustration of the electron
capture properties at the Schottky barrier of the metal in contact with a semiconductor
surface. Transmission electron microscopy measurements have found that the Pt particles

form clusters on the surface. After excitation, the electron migrates to the metal where it
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becomes trapped and electron-hole recombination is suppressed. The hole is then free to

diffuse to the semiconductor surface where oxidation of organic species can occur.

Electron ?
Trap Barrier

Semiconductor

Fig. 2.2 Metal-modified semiconductor photocatalyst particle

Chromium, manganese and cobalt-doped titanium dioxide photocatalysts
containing 0.2, 0.5 or 1 % of metal-dopant were investigated by UV-VIS, FT-IR, near-IR
and electron paramagnetic resonance (EPR) spectroscopic techniques (Dvoranova et al.,
2001). The presence of the doping ions in the titania structure caused significant

absorption shift to the visible region compared to pure TiO, powder (P25 Degussa).

Crittenden et al., (1995) showed improved performance of platinized TiO, fixed
on silica gel. Since platinized TiO, showed the maximum improvement, Magrini et al.,
(1994) used it to treat Trichloroethylene (TCE) contaminated groundwater and found that
the catalyst retained its enhanced activity in a realistic application. He et al., (2006)
compared the photocatalytic activity of two platinized TiO, films, Pt-TiO,/ITO and
Pt(TiO,)/ITO. He concluded that when compared with pure TiO,/ITO film, the

photocatalytic activities of the platinized TiO, films were apparently improved.

Photo-oxidation of oxalic acid over TiO; surface in the presence of silver ion was
studied by Bardos et al., (2003). It was shown that after the completion of silver
deposition, the small metal particles on TiO, surface enhance the efficiency of the
semiconductor by a factor of 5 for the photo-oxidation of oxalic acid. The dye
degradation using untreated TiO, and Ag" ion doped TiO, was compared and it was
found that Ag" ion doped TiO is slightly more efficient (Sahoo et al., 2005; Gupta et al.,
2006). Xu et al., (2005) in his paper reported that photocatalysts of Ag-Ti0,/Si0,/Fe;04

can photodegrade organic pollutants in the dispersion system effectively and can be
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recycled easily by a magnetic force. Preparation of TiO, photocatalysts loaded with noble
metal or transition metal oxide and the influence of preparing procedures on the
photocatalytic activity for degradation of formaldehyde has been reported by Yang et al.,
(2000).

Zhou et al., (2006) prepared highly photo-active nanocrystalline mesoporous Fe-
doped TiO; powders and their photocatalytic activity was evaluated by the photocatalytic
oxidation of acetone in air. The results showed that the photocatalytic activity of the Fe-
doped TiO, samples prepared by ultrasonic methods exceeded that of Degussa P25 by a
factor of more than two times at an optimal atomic ratio of Fe to Ti of 0.25. This could be
due to the synergistic effects of Fe-doping, large BET specific surface area and small

crystallite size.

The influence of dissolved transition metal impurity ions on the photocatalytic
properties of TiO, has become another interesting area of semiconductor modification.
The benefit of transition metal doping species is the improved trapping of electrons to
inhibit electron-hole recombination during illumination. With Fe’* doping of TiO,, an
increase in Ti'* intensity was observed by ESR upon photoirradiation due to trapped
electrons (Gratzel and Howe, 1990). Only certain transition metals such as Fe’" (Butler
and Davis, 1993) and Cu®" (Fujihira et al, 1982) actually inhibit electron-hole
recombination. The concentration of the beneficial transition metal dopants is very small

and large concentrations are detrimental.

Other transition metal dopants such as cr’ (Herrmann et al., 1984) create sites,
which increase electron-hole recombination. It is believed that these transition metals
create acceptor and donor centers where direct recombination occurs. Negative effects of
doping (Luo and Gao, 1992) have been noted for Mo and V in TiO,, while Gratzel and
Howe (1990) noted an inhibition of the electron/hole recombination with the same
dopants. Karakitsou and Verykios (1993) reported that doping TiO, with cations of higher
valency than that of Ti (IV) resulted in enhanced photoreactivity, while Mu et al., (1989)
noted that doping with trivalent and pentavalent cations was actually detrimental to the
photoreactivity of TiO,. Titanium dioxide catalysts were implanted with various
transition-metal ions by a high-voltage technique, then calcined in O, at around 723K to

produce photocatalysts capable of absorbing visible light and showed 3-4 times higher
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photocatalytic reactivity for the decomposition of NO under sunlight as compared to the

original unimplanted TiO, photocatalyst (Anpo, 2000).

2.4.3 Composite semiconductors

Coupled semiconductor photocatalysts provide an interesting way to increase the
photocatalytic process by increasing the charge separation and extending the energy range
of photo-excitation for the system. As illustrated by Fig. 2.3, the energy of the excitation
light is too small to directly excite the TiO, portion of the photocatalyst, but it is large
enough to excite an electron from the valence band across the band gap of CdS (Ey, =
2.5eV) to the conduction band. According to this energetic model in Fig. 2.3, the hole
produced in the CdS valence band by the excitation process remains in the CdS particle
while the electron transfers to the conduction band of the TiO, particle. The electron
transfer from CdS to TiO, increases the charge separation and efficiency of the
photocatalytic process. The separated electron and hole are then free to undergo electron
transfer with adsorbates on the surface. The quantum yield for the reduction of
methylviolet drastically increased and approached an optimum value of 1 when the
concentration of TiO, was increased in a CdS-TiO, system (Gopidas et al., 1990).
Transient absorption spectra of the composite CdS- TiO, photocatalyst indicates trapping

of the electron at Ti*" sites on the TiO, surface.

The CdS-TiO; system exhibits a broad absorption band in the 550-750 nm region
after receiving a 355 nm (3.5 eV) picosecond laser pulse. This band is characteristic of
chemical changes associated with the trapping of electrons on the TiO, surface. The lack
of absorption activity in the 550-750 nm regions was tested by using the same laser pulse
with the TiO, particles alone. Only the CdS portion of the composite photocatalyst
exhibited an absorption band in the visible region. The transient absorption spectrum

showed no absorption on clean TiO,.

Fig. 2.3 Photo-excitation in composite semiconductor-semiconductor photocatalyst
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The experimental results show that the coupling of semiconductors with the
appropriate energy levels can produce a more efficient photocatalyst via better charge
separation. Bessekhouad et al., (2006) investigated the activity of TiO,, CdS and coupled
CdS/TiO, powders. He concluded that under visible light, CdS/TiO, exhibit faster

degradation rate than both isolated components of the composite photocatalyst.

Zorn et al., (2000) have studied the effect of reaction temperature on the
catalytic and photocatalytic oxidation of ethylene on unplatinized and platinized versions
of a TiO,/ZrO; mixed-oxide thin-film catalyst. Comparison between the thin-film catalyst
show a fundamental difference in photocatalytic behavior, mainly due to insufficient
utilization of the internal bulk of the particulate catalyst. Tada et al., (2000) have shown
that coating TiO, with the MgOy submonolayer increases the point of zero charge from
7.5 to 8.7 and significantly enhances TiO, photocatalytic oxidation of sodium
dodecylbenzenesulfonate (DBS). Cho and Choi (2001a) have investigated the solid-phase
photocatalytic degradation of poly (vinyl chloride) (PVC)-TiO, composite films under
ambient air in order to assess the feasibility of developing photodegradable polymers. Sun
et al., (2002) have prepared titanium dioxide/bentonite clay nanocomposite by acid-
catalyzed sol—gel method and used it as a photocatalyst in the reaction of cationic azo dye
decomposition in water. Zhang et al., (2004) studied the photocatalytic activity of
nanocoupled oxides (ZnO-SnO,) using Methyl Orange as a pollutant. Experimental
results showed that the nanometer coupled oxides mainly consist of nanometer ZnO and
SnO,, and they have the same excellent photocatalytic activity as Degussa P25 TiO, for
the degradation of methyl orange. Ooka et al., (2003) observed the enhancement in the
photocatalytic degradation when TiO, pillared clay was applied for the adsorption-

photocatalytic degradation of the endocrine disruptors with various hydrophobicities.

Alvaro et al, (2005) determined the photocatalytic activity of iron
phthalocyanine adsorbed on silica (FePc/SiO,) or encapsulated within NaY zeolite
(FePc@NaY) towards the degradation of two model compounds using H,O; as oxidant.
He found that FePc/SiO, exhibits higher photocatalytic activity as compared to
FePc@NaY but it cannot be used as a heterogeneous photocatalyst as it undergoes
degradation and cannot be recycled. On the other hand FePc@NaY exhibits good
recyclibility.
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2.4.4 Catalyst in the Form of Fixed Matrix

Most of the experimental work on aqueous systems has been carried out using the
photocatalyst in the form of fine particles suspended in the liquid phase but the main
drawback of this process is that the separation of TiO; from the solution is expensive.
However to avoid the cost of removing the small catalyst particles from treated water,
methods of fixing the catalyst on the support within the reactor has also been investigated
which in many cases shows higher photocatalytic activation than parent TiO, (Xu and
Langford, 1997; Chun et al., 2001). Surface bound-conjugated TiO,/SiO, was prepared
by means of impregnation method for photocatalysis of azo dyes by Chun et al., (2001).
This TiO, fixed on silica gel showed three times higher photo-activity for the degradation
of reactive dye(photodegradation was studied by XRD, FTIR, XPS and BET
measurements). Noorjahan et al., (2003) reported the photodegradation of H-acid over a
novel TiO; thin film fixed bed reactor by immobilized TiO, Degussa P-25 in aqueous
suspensions using an acrylic emulsion by simple spray technique on inert cuddapah stone.
Gopalkrishnan and Mohan (1997) carried out photodegradation of few textile dyes using
TiO; in fixed mode i.e. by coating TiO, on sand and hollow glass beads. Subramanyam et
al., (1998) have studied photocatalytic degradation of textile dyes Vat Blue, Fast Orange
GC Base by immobilizing TiO, on ceramic beads and SiO, were used for many of the
water soluble compounds. The photocatalytic dye degradation reactions simultaneously
reduced COD and TOC, which suggest that dissolved organics have been oxidized.

TiO, has been affixed to a variety of surfaces like glass, silica, metals, ceramics,
polymers etc. (Heung and Anderson, 1996; Lei et al., 1999; Liu et al., 2000; Miller et al.,
1999; Shchukin et al., 1999; Sirisuk et al., 1999; Rao et al., 2003b; Fernandez at al.,
2004). Photocatalytic degradation of various dyes using solar light as an irradiation
source and immobilized TiO, as a photocatalyst showed the potential application for the

decolorization of wastewater (Kuo and Ho, 2006; Cangcang and Dewan, 1998).

The results of a study for the oxidative mineralization of 4-CP by oxygen,
sensitized by thin films of Degussa P25 TiO, were reported by Mills and Wang (1998).
Using a TiO; film, the process goes through the same mechanism as TiO, dispersion,
generating the same intermediates namely, 4-Chlorocatechol and hydroquinone.
Photocatalytic degradation of a few dyes have been successfully done using immobilized
ZnO films (Roselin et al., 2002; Comparelli et al., 2004; Sakthivel et al., 2001; Yoshida et
al., 2002).
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Robert et al., (1999) have presented the preparation of TiO, supported on glass-
fibre by sol-gel method. The influence of thermal treatment time on specific surface area,
crystallinity and photocatalytic activity of the semiconductor for the degradation of a
model pollutant compound, benzamide, was investigated. The supported catalysts have a
good photocatalytic activity towards benzamide. However, the reduction of total organic
carbon (TOC) from the test with TiO,-FB is very slow. This observation carries out that
the degradation process is not the same as that with the classical TiO,-P25. Mills et al.,
(2002a) have prepared a novel CVD film of titanium (IV) oxide on glass via the reaction
of titanium (IV) chloride and ethyl acetate, using a CVD technique. The film is clear, very
robust mechanically and comprises of a thin (24 nm) layer of nanocrystalline anatase
titania that absorbs light of A < 360 nm. The film is also active photocatalytically and is

able to destroy a deposited layer of stearic acid upon exposure to UV light.

2.4.5 Catalyst modification for harnessing visible light

To date, three benefits of modifications to photocatalytic semiconductor systems
have been studied: (1) inhibiting recombination by increasing the charge separation and
therefore the efficiency of the photocatalytic process; (2) increasing the wavelength
response range (i.e., excitation of wide band gap semiconductors by visible light) and (3)
changing the selectivity or yield of a particular product. Magrini et al., (1994, 1995)
presented a review of the research on the physical and chemical modifications of TiO; to
improve the catalyst performance and presented comparative data for the modified

catalysts tested under the same conditions.

Surface sensitization of a wide bandgap semiconductor photocatalyst (TiO;) via
chemisorbed or physisorbed dyes can increase the efficiency of the excitation process by
extending its absorption in the visible region of the spectrum. The photosensitization
process can also expand the wavelength range of excitation for the photocatalyst through
excitation of the sensitizer followed by charge transfer to the semiconductor (Gerischer
and Willig 1976). Some common dyes which are used as sensitizers include Erythrosin B
(Kamat and Fox, 1983), Thionine (Patrick and Kamat, 1992), Thionine and Eosin
(Chatterjee and Mahata, 2001c) and analogs of Ru(bpy)s”" (Vlachopoulos et al., 1988;
Desilvestro et al., 1986).
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Fig. 2.4 illustrates the excitation and charge injection steps involved for the
regenerative dye sensitizer surface process. Excitation of an electron in the dye molecule
occurs to either the singlet or triplet excited state of the molecule. If the oxidative energy
level of the excited state of the dye molecule with respect to the conduction band energy
level of the semiconductor is favorable (i.e. more negative), the dye molecule can transfer
the electron to the conduction band of the semiconductor. The surface acts as a quencher
accepting an electron from the excited dye molecule. The electron in turn can be
transferred to reduce an organic acceptor molecule adsorbed on the surface.
Photosensitization of semiconductors by various dyes, monitored by nanosecond and
picosecond flash photolysis, has provided valuable information on the mechanism of
interfacial electron transfer on the semiconductor surface (Brown and Darwent, 1984;
Kamat and Fox, 1983). Upon pulsed excitation of a dye-sensitized semiconductor, a shift
in the flat-band potential caused by localization of electric charge on the semiconductor
surface also occurs (Warman et al.,, 1991). Furthermore, very highly efficient
sensitization of high area metal oxides has been attained with transition metal cyanides,
presumably by surface pre-complexation or -electrostatic association with metal

complexes bearing carboxylate groups (Vrachnou et al., 1987).

Dye sensitization of the photochemical oxidation has been found to be a new
pathway of pollutant degradation in visible light. Ross et al., (1994) have decomposed
terbutylazine by applying visible light using Rose Bengal as a sensitizer and TiO; as a

photocatalyst and the degradation was more than 50%.
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Fig. 2.4 Excitation steps using dye molecule sensitizer

Nasr et al., (1996) carried out visible light induced degradation of the textile diazo
dye Naphthol Blue Black (NBB) on TiO, semiconductor nanoparticles. Chen et al.,

(2002a) studied the formation and identification of intermediates in the visible light
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assisted photodegradation of Sulforhodamine-B dye in aqueous TiO, dispersion.
Photodegradation of dyes has been achieved by illuminating the reacting system
containing dye and flyash with visible light (Chatterjee et al., 2001b). The activation of
TiO, photocatalyst for photocatalysis of Acid Red 44 under visible light is described by
Moon et al., (2003).

Visible light assisted degradation of aromatics, like phenol, chlorophenol, 1,2-
dichloroethane, trichloroethylene and surfactants, like cetyl pyridinium chloride (CPC;
cationic), sodium dodecylbenzene sulfonate (DBS, anionic) and neutral Triton-X 100 in
air-equilibrated aqueous mixtures has been achieved on the surface of TiO;
semiconductor modified with Methylene Blue and Rhodamine B (Chatterjee and Mahata,
2002). Photo-assisted decomposition of phenol, chlorophenol and trichloroethylene in
wastewater has been achieved on the surface of TiO, semiconductor modified with 8-
Hydroxyquinoline (HOQ) by using visible light (Chatterjee and Mahata, 2001a). The dye
sensitized TiO, nanoparticles fabricated onto the mesoporous silica material showed
enhanced photocatalytic efficiency for decomposing Indigo Carmine than anatase TiO, by
using visible light irradiation. The photocatalytic oxidation of wvarious dyes and
halocarbons by surface modified TiO, have been successfully achieved under visible light
(Bauer et al., 2001; Hu et al., 2006; Zhao et al., 1998; Wu et al., 1999b; Mrowetz and
Selli, 2004; Hasnat et al., 2005; Chatterjee et al., 2006).

Cho and Choi (2001b) investigated an application of TiO, photocatalyst sensitized
with tris (4, 4’-dicarboxy-2-2" —bipyridyl) ruthenium (II) complex for CCly degradation
under visible light irradiation. The photo-oxidation of phenol, catalyzed by superficially
modified with phthalocyanine complex oxide supports has been studied upon irradiation
with visible light (Iliev, 2002). Ma and Chu (2001) studied that the use of an additional
hydrogen source (NaBH4) and photosensitizer (acetone) to improve the degradation rates
of chlorinated aromatic dye in non-ionic surfactant solutions. Cheng et al., (2006)
prepared an organic-inorganic layered hybrid by intercalation of Fe(bpy)s*" into laponite
clay which upon visible light irradiation was found to be highly effective for the
degradation of non-biodegradable cationic organic pollutants such as Rhodamine B and
N,N-dimethylaniline, but was found to be inactive towards anionic organic compounds

such as Orange II and Sulforhodamine B.
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Bessekhouad et al., (2006) investigated the activity of TiO,, CdS and coupled
CdS/TiO, powders. He concluded that under visible light, CdS/TiO, exhibit faster
degradation rate than both isolated components of the composite photocatalyst. Xiaodan
et al., (2006) prepared photoactive ZnS/TiO, nanocomposites which exhibited enhanced
visible-light photocatalytic activity as compared to solitary anatase TiO, for the aqueous

parathion-methyl degradation.

2.5  Solar technology and textile effluent

In an article entitled “Solar photocatalytic detoxification” by Blake et al., (1992),
they have reviewed in detail the fundamental chemistry of solar photocatalytic
detoxification and the preliminaries of engineering system development. Goswami (1997)
in his paper reviewed the engineering developments of the solar photocatalytic
detoxification and disinfection processes, including system design methodologies.
Anielak and Maria (1996) reviewed the research work on the treatment of textile industry
wastewater with the application of mechanical, physicochemical, chemical and biological
methods. Also the technological systems in operation and suggestions for application in

textile industry wastewater treatment have been presented in this paper.

Arslan et al., (2000) investigated the fact that the effluents of textile industries can
be treated with solar irradiation instead of UV-A light driven solar simulators which
would eliminate major operational costs. Spiewak et al., (1998) had explored the use of
concentrated sunlight combined with dissolved photocatalysts to improve water quality.
The effectiveness of ZnO mediated solar photocatalytic degradation of three metal
complex azo dyes and woolen textile dye house waste was examined (Saha and Malay,
2003). 53-86% degradation of the dyes was achieved by 15 min illumination, increasing
BODs/COD ratio from 0.43 to 0.66. The aim of the study was to compare the
performance of coagulation, Fenton’s oxidation and ozonation for the reduction of

chemical oxygen demand under solar treatment of textile wastewater.

The photocatalytic degradation of few organic dyes in aqueous solution with TiO,
as photocatalyst in slurry form have been investigated under sunlight (Muruganandham
and Swaminathan, 2004b; Sivekumar and Shanthi, 2001; Augugliaro et al., 2002; Sauer et
al., 2002; Neppolian et al., 2002a). It was concluded that solar light induced degradation

of textile dye in wastewater is a viable technique for wastewater treatment. Stylidi et al.,
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(2003) and Saquib and Muneer (2002) studied the photocatalytic degradation of an
aqueous solutions of dyes in TiO, suspensions with the use of a solar light simulating
source and the photo degradation pathway was proposed on the basis of quantitative and

qualitative detection of intermediate compounds.

The solar photocatalytic degradation of various dyes has been studied over
combustion synthesized nano TiO, and the activity was compared with that of
commercial Degussa P-25 TiO, under similar conditions and the effect of various
parameters was also studied (Nagaveni et al., 2004). The initial degradation rates with

combustion synthesized nano TiO; was higher as compared to Degussa P-25.

Various chemical modifications of TiO, such as metallizing and doping with other
semiconductors have been done for developing photoactive catalysts that out perform
TiO, for use in solar-based detoxification systems (Magrini et al., 1994). These
improvements in photocatalyst performance will ultimately lead to reducing the cost of
solar-based detoxification systems for remediating organic contaminated wastewater

streams.

A solar photocatalytic cascade reactor (nine stainless steel plates coated with TiO,
catalyst arranged in cascade configuration) was constructed to study the photocatalytic
oxidation of benzoic acid in water under various experimental and weather conditions at
HKUST (Chan et al., 2003). The photocatalytic degradation was studied in terms of TOC
and the effect of H,O, was also shown to enhance the efficiency of the degradation
process. Freudenhammer et al., (1997) during their research project which deals with the
technical application of solar photocatalysis for wastewater detoxification found that non-
concentrating thin-film fixed-bed reactor (TFFBR) used to study applications and areas
where a solar-catalytic treatment or recycling of wastewater is possible. This reactor
excels by its low cost and an easy-to-build construction using molecular oxygen in air as
the oxidizing agent. The design parameters of the reactor as well as the process itself
have been determined from the reaction kinetics of a model substance, the hydrodynamics
and the mass transfer. The treatment of different real wastewaters was successfully

carried out.

Herrmann et al., (2002) studied the photocatalytic degradation of pollutants with
different grades of photocatalysts, Millennium PC-10, PC-25, PC-50 using titania
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Degussa P-25 as a reference photocatalyst. After considering the overall rate of TOC
disappearance, the relative activity patterns changed and only Millennium PC-50 with a
similar surface area could exceed TiO, Degussa P25, chosen as a reference catalyst.
Neppolian et al., (2002b) investigated the photocatalytic degradation of three commercial
textile dyes with different structure using different photocatalysts in aqueous solution
under solar irradiation. Experiments were conducted to optimize various parameters like
amount of catalyst, concentration of dye, pH and solar light intensity. Degradation of all
the dyes was examined by using chemical oxygen demand (COD) method. The
experimental results indicate that TiO, (Degussa P25) is the best catalyst in comparison
with other commercial photocatalysts such as, TiO, (Merck), ZnO, ZrO,, WO; and CdS.
Though the UV irradiation can efficiently degrade the dyes, naturally abundant solar
irradiation is also very effective in the mineralization of dyes. Hence, it may be a viable

technique for the safe disposal of textile wastewater into the water streams.

The feasibility of photocatalytic decolorization of real textile dyeing rinse
wastewaters (RWW’s) collected from the low salt cotton textile dyeing industry was
studied by Kanmani and Thanasekaran (2003), using two grades of titanium dioxide
Ti0;) under ultraviolet and solar light sources. The effects of pH in the range of 6 - 10,
catalyst concentration in the range of 0.05-0.5 g L' for indoor UV studies and 0.25-2.0 g
L' for outdoor solar studies and catalyst reuse for twenty cycles were studied on
photocatalytic decolorization of four batches of industrial RWW’s. Since the RWW’s
contained more than one dye, their color measurements were done at multiple
wavelengths of 436, 525 and 620 nm. In order to compare the effect of the operating
variables on rinse wastewaters, the reaction time at 436 nm was taken into consideration
since the reaction time necessary was maximum at 436 nm. It is concluded that the
decolorisation of RWW’s could be carried out at the natural pH itself. A catalyst
concentration of 1 g L™ was found to be necessary in solar studies, whereas only one
tenth of 1 g L' was needed for UV studies. The titanium dioxides were found to maintain

their photo activity during reuse for 20 cycles.

2.6  Ultrasound and Photocatalysis
Use of ultrasound as a catalyst for water and wastewater treatment and solar

detoxification for environmental applications in materials chemistry is reported in

literature (Suslick, 1999; Hua and Hoffmann, 1997; Ince et al., 2001). Vajnhandl and
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Marechal, (2005) in his paper reviewed some fundamentals of ultrasound, its broad
applications and gathered some new research regarding its applications in textile wet
processes, with the emphasis on textile dyeing and the decoloration/mineralization of
textile wastewaters. Gogate and Pandit (2005) in a review reflected the current status of
the hydrodynamic cavitation reactors discussing the bubble dynamics analysis and

optimum design considerations illustrating the utility of these reactors.

Fly ash samples modified by NaOH solution and sonochemical treatment were
tested for the adsorption in aqueous solution of a basic dye, Methylene Blue by Wang and
Zhu (2005a). He concluded that sonochemical treatment of fly ash could significantly
increase the adsorption capacity depending on the concentration of NaOH and treatment

time.

Schramm and Hua (2001) studied the sonochemical degradation of dichlorvos in a
batch reactor and found that acoustic power and sparge gas are the two factors which
greatly affect sonochemical degradation efficiency. Dukkanci and Gunduz (2006) studied
the effect of ultrasound power, H,O,, NaCl, external gases on the degradation of oxalic
acid. He observed that H,O, had negative contribution on the degradation of oxalic acid
and there was an optimum concentration of NaCl for enhancing the degradation degree of
oxalic acid. Further, Shemer and Narkis (2005) concentrated on the kinetics of
degradation of trihalomethanes (CHCl;, CHBrCl,, CHBr,Cl, CHBr; and CHIs) under
ultrasonic frequency of 20 kHz. He found that vapor pressure was the most important
parameter affecting the sonodegradation kinetics and efficiency. Jiang et al., (2006)
investigated the sonolysis of 4-chlorophenol (4-CP) in oxygen saturated aqueous
solutions for a variety of operating conditions with the loss of 4-CP from solution
following pseudo-first-order reaction kinetics. He concluded that the degradation takes
place in the solution bulk at low reactant concentrations. Inoue et al., (2006) studied the
degradation of Rhodamine B and Orange II dyestuff solutions using ultrasonic irradiation
under different ultrasonic frequencies. He found that decolorization rate increases with
the increase in frequency of the ultrasound. Okitsu et al., (2005) studied the sonochemical
decolorization and decomposition of azo dyes, such as Reactive Red 22 and methyl
orange. He concluded that azo dye molecules were mainly decomposed by OH radicals

formed from the water sonolysis.
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Mahamuni and Pandit (2006) studied a hybrid technique of ozonation coupled
with cavitation for the degradation of phenol. He concluded that this hybrid technology
leads to the formation of intermediates that can further be subjected to bio-degradation.
Zhang et al., (2006) studied the combination of ultrasound and ozone for the
decolorization of methyl orange dye .The results showed that the synergistic effect was
achieved by combining ozone with ultrasonic irradiation for the decolorization of methyl
orange. Further, it was observed that the decolorization rate increased with the increase of
ultrasonic power, ozone gas flow rate and gaseous ozone. Zeng and James (2006) studied
the degradation of pentachlorophenol (PCP) in aqueous solution by audible-frequency
sonolytic ozonation. The first-order rate constant of PCP degradation by ozonation with
sonication was found to be 15 times faster than that with bubbling ozone alone, while the
rate constant with mechanical stirring was only four times faster. Martins et al., (2006) in
his study aimed at investigating the chemical oxidation of Pararosaniline dye by
ozonation and sonolytic processes. Experimental results indicated that ozonation of
pararosaniline solution is more efficient than ultrasonic irradiation alone or in
combination with O;. Kang et al., (1999) investigated the kinetics of degradation of
methyl tert-butyl ether by ultrasonic irradiation in the presence of ozone as a function of

applied frequencies and applied power.

Gultekin and Ince (2006) reported the laboratory scale degradation of Acid Orange
8 with ultrasound, ozone and both. He concluded that the combined operation of
ultrasound and ozone improved the rate of bleaching and UV absorption decay and
remarkably enhanced the mineralization of the dye. Tezcanli-Guyer and Ince (2004)
investigated a comparative degradation of azo dyes by 520 kHz ultrasonic irradiation and
its combinations with ozone and/or ultraviolet light was investigated using a probe dye
Acid Orange 7. He concluded that the overall degradation process was most rapid under
simultaneous operation of the three (UV/US/O3) in the presence of a continuous flow of a

gas mixture made of argon and oxygen.

Guo et al., (2005) studied the influences of ultrasonic output intensity, solution pH,
H,O, concentration and addition of Fenton reagent on the degradation of 2, 4-
Dinitrophenol (DNP) under ultrasonic irradiation. He observed that sono-oxidation
treatment in combination with FeSO4/H,0O, showed a synergistic effect for DNP

degradation.
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The hybrid effect of the irradiation by light and ultrasonic waves in conjunction
with H,O, was first confirmed to achieve the complete mineralization of propyzamide by
Yano et al., (2005). Fung et al., (2000) reported the decolorization of reactive dye
wastewater with UV radiation and ultrasonic vibration in the presence of hydrogen
peroxide by a batch operation system. He found that the degradation of the reactive dye

followed a pseudo-first-order kinetic model at different pH and peroxide dosages.

Further combination of ultrasound and photochemistry has been used to degrade
an aqueous solution of phenol by Wu et al., (2001). Harada et al., (2001) investigated the
role of a photocatalyst in the sonophotocatalytic reaction of water splitting using TiO,
photocatalyst. Naffrechoux et al., (2000) combined the sonochemical and photochemical
action in a ‘sonuv’ reactor and concluded that there was enhancement in the degradation
rate of phenol. Selli et al., (2005) studied the kinetics of degradation of methyl tert butyl
ether in water employing either sonolysis at 20 kHz or photocatalysis on TiO, or
simultaneous sonolysis and photocatalysis as degradation techniques and found that rate
enhancement under sonophotocatalytic conditions was stirring dependent. Chen et al.,
(2002b) observed the synergistic effect from the ultrasound on the photocatalytic
degradation of phenol and chlorophenols in the presence of Hombikat TiO, suspensions
in a sonophotocatlytic reactor. Mrowetz et al., (2003) studied the influence of initial
substrate concentration (2-Chlorophenol) and photocatalyst amount on the degradation
and mineralization rates which were found to ascertain the origin of the synergistic effect.
Hirano et al., (2005) subjected the chlorinated organic compounds to pre-sonication
followed by photocatalytic treatment. The pre-sonication effect results in the formation of
some intermediate products, which are rapidly oxidized to carbon dioxide on further
photocatalysis. Decolorization and COD removal from synthetic wastewater containing
Reactive Brilliant Orange K-R dye using sonophotocatalytic technology was investigated
by An et al., (2003). He concluded that this hybrid technology could efficiently remove
the color and reduce COD from the synthetic dye containing wastewater, and that both
processes followed pseudo first-order kinetics. Selli (2002) in another paper reported that
photocatalysis and sonolysis exhibit the synergistic effects in the degradation of Acid
Orange 8 in aqueous suspensions, when low ultrasound frequency is used. Chen et al.,
(2003) and studied the mechanistic aspects of the role of 20 kHz ultrasonication in
photocatalytic oxidation of dimethyl methylphosphate in a batch reactor. He concluded,

the increase or the rate of DMMP photocatalytic mineralization in the presence of
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ultrasound was not due to deagglomeration of TiO,, but was associated with enhanced
mass transport of reagents. Wang et al., (2005b) in his study concluded that the
sonophotocatalytic degradation ratios of methyl orange in the presence of TiO, were
much better than the ones without any TiO,, but the sonophotocatalytic activity of rutile

TiO; particles was higher than that of anatase TiO, particles.

Gogate and Pandit (2004c) aimed at critically evaluating the status of the
sonophotocatalytic reactors with a special focus on wastewater treatment applications.
Different reactor configurations used for the hybrid technique have been analyzed and
recommendations have been made for the design of optimum configuration. Sato and Yao
(2006) treated the aqueous solutions of trichloroethylene and tetrachloroethylene in a
flow-through reactor equipped with ultrasound and UV light sources. The results
suggested that the combined effect of UV and US on the decomposition of TCE and PCE
is synergistic in both the simultaneous and sequential UV/US modes. The rate constants
of sonolysis and photolysis are greater with the sequential combination than with the

simultaneous combination.

2.7  Coupled Photocatalytic and Biological treatment

Biological treatment of wastewaters discharged by the textile industry could
potentially be problematic due to the high toxicity and recalcitrance of the commonly
used azo dye compounds. Coupling of photocatalytic and biological processes is a good
alternative to minimize the treatment cost of wastewater containing bio-recalcitrant and/or
toxic pollutants. The chemical process could be used as pre-treatment method in order to
increase the bio-degradability of the wastewater or as a post-treatment method to remove
the non-biodegradable compounds. Recently, the advanced oxidation processes (AOP’s)
combined with biological treatment have appeared to be successful in large-scale systems.
The general statements about the integration of bio-degradation and chemical oxidation
are exemplified by case studies of textile wastewater bio-degradation combined with
AOP’s, which have been the subject of research for the last few years as reported by
Ledakowicz et al., (2001). Scott and Ollis (2006) reviewed the studies which used the

combination of chemical and biological degradation of organic contaminants in water.

Sarria et al., (2002) reviewed recent work in coupling advanced oxidation

processes (AOP’s) and biological systems for wastewater treatment and confirmed the
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beneficial effects of such two-step treatment at laboratory scale. The coupled reactor,
operating in semi continuous mode, has shown to reach a whole mineralization

performance between 80 and 90%.

A combined photo-Fenton and biological flow reactor for the degradation of
isoproturon was operated in continuous mode at laboratory scale. In this coupled system,
100% of the initial concentration of isoproturon and 95% of TOC were removed (Parra et

al., 2000).

Pulgarin et al., (1999) presented a combined photochemical (Fenton) and
biological flow reactor for the degradation of p-nitrotolueneortho- sulfonic acid (p-NTS),
an important dye intermediate present in wastewaters coming from industries
manufacturing dyes. The non-biodegradability of p-NTS in a fixed bed reactor (FBR) was
proved under theoretically favorable conditions such as the presence of co-substrates and
adapted bacteria. Afterwards, several experiments for sole photo-Fenton treatment were
carried out in a laboratory scale photo-reactor. By way of Dissolved Organic Carbon
(DOC) and HPLC techniques, it was found that mineralization of p-NTS via Photo-
Fenton treatment in continuous or batch mode is not a cost-effective strategy. However,
via photochemical treatment the non-biodegradable dye intermediate was converted to
biodegradable non toxic product which could now be subjected to biological treatment

leading to complete mineralization.

Leachates from municipal waste deposits which were biologically pre-cleaned,
were treated subsequently with photochemical oxidation under three different UV
sources. The ratio of COD and BODs was reduced from ca. 230 to 3-4(in the case of low
pressure and vacuum mercury lamp) and to 6 (middle pressure mercury lamp). After this
in biological stage the values of COD, BOD and AOX decreased further below the
threshold values defined in the legislative regulation (Koh et al., 2004).

Lee et al., (2001) have carried out the theoretical and experimental studies and
have established that integrated treatment systems (mostly chemical and biological) for
various industrial wastewaters can achieve better quality of treatment and can be cost-
effective. In this paper the objective is to minimize the use of processed water in the

textile industry by an economical recycle and reuse scheme.
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Reddy et al., (2003) studied the decolorization and mineralization of common
industry effluents with TiO, photocatalyst using solar light illumination. The data
indicates that the color and COD removal by the photocatalytic treatment is 74% and
62%, respectively (treated under sunlight for 40 h) whereas the COD removal in
biological treatment is only 18% after treating for 120 h using Up-flow Anaerobic Sludge
Blanket (UASB) reactor. The initial value of BODs/COD ratio of common industry
effluent i1s 0.21, whereas the photocatalytic treatment method has improved the
BODs/COD ratio to 0.56. Also the samples treated after photocatalytic method are further
subjected to biological treatment that resulted in improved levels of COD removal of
72%, confirming that the pretreatment of common industry effluent by this method is

beneficial.

Chun and Yizhong (1999) studied the photodegradation and biodegradability of
few azo dyes using TiO, suspensions irradiated with medium pressure mercury lamp. He
found that BOD increases while COD and TOC decreases, so that the ratio of BODs/COD
of the wastewater increased from original zero up to 0.75 which shows that photocatalytic

oxidation enhanced the bio-degradability of the dye containing wastewater.

2.8 Kinetics and Analytical Techniques

An understanding of reaction rates and how the reaction rate is influenced by
different parameters is important for the design and optimization of an industrial system.
The rate of photocatalytic degradation depends on several factors including illumination
intensity, catalyst type, oxygen concentration, pH, presence of inorganic ions and the

concentration of the organic reactant.

Different kinetic models have modeled the destruction rates of organics in
photocatalytic oxidation. Langmuir- Hinshelwood (L-H) kinetics seems to describe many
of the reactions fairly well (Abdullah et al., 1990; Al-Ekabi et al., 1989; Matthews, 1990;
Turchi and Ollis, 1989). The pseudo first-order equation has been shown to apply to many
photocatalyed reactions (Gemeay et al., 2007; Fung et al., 2000; Behnajady et al., 2006).
The order of reaction for HO, concentration and light intensity in both processes were
obtained by linear regression method. A regression model was developed for pseudo-first

order rate constant as a function of the H,O, concentration and UV light intensity.
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The first attempt at developing an analytical means for determining rate constants
for batch type photocatalytic oxidation experiments was performed by Davis and Hao
(1991). Xu and Langford (2000) used the Langmuir—Hinshelwood (L—H) kinetic model to
describe semiconductor photocatalysis. In this report, the L—H rate constant (k. ) and the
Langmuir adsorption constant (K) have been determined under different light intensity for
the photocatalytic degradation of poorly adsorbed acetophenone over TiO, of Degussa
P25 in aqueous medium (pH 6.2). The result shows that K decreases when the irradiation
is performed at higher light intensity, while 4 increases expectedly. The kinetics of
photocatalytic decomposition of low concentrations of trichloroethylene (TCE) in water
was modeled and the reaction parameters were evaluated for different catalyst loading by

Brandi et al., (2002).

Photocatalytic degradation of tetrahydrofuran, 1, 4-dioxane and their mixture in a
slurry photoreactor was studied by Mehrvar et al., (2000). Using both GC/MS and ion
chromatography (IC) methods, possible intermediates were detected and the reaction
mechanistic pathways for both compounds were proposed. Kinetic models were
developed and the kinetic parameters were estimated using a statistical method of non-
linear parameter estimation in which all experimental data were utilized. It was shown

that tetrahydrofuran disappeared via direct oxidation as well as hydroxyl radical attack.

For the degradation of phenol, a detailed kinetic modeling which describes the
degradation of phenol was performed by Kusic et al., (2006). Mathematical models which
predict phenol decomposition and formation of primary oxidation by-products by applied
processes were developed. The study also consist the modeling of mineralization kinetics

of the phenol solution by applied AOP’s.

The dye decomposition kinetics by nano-size TiO, suspension at natural solution
pH was experimentally studied by varying the agitation speed (50-200 rpm), TiO,
suspension concentration (0.25-1.71 g L"), initial dye concentration (10-50 mg L™),
temperature (10-50°C) and UV power intensity (0-96W). Kinetic models have been
developed to fit the experimental kinetic data well by Wu et al., (2006).

Cabrera et al., (1994) observed that one of the major problems lies in the
difficulties associated with the proper evaluation of the absorbed radiant energy due to

unavoidable system heterogeneities that produce light scattering. They developed a novel

50



form of reactor, combined radiation distribution model to evaluate the volumetric rate of
energy absorption during the photocatalytic oxidation of trichloroethylene in water using
a suspension of TiO,. The proposed approach permits a correct description of the
radiation field inside the heterogeneous reactor and consequently a precise accounting of
the absorbed photons. They also used the reactor and the model to evaluate heterogeneous

system quantum efficiencies.

Alfano et al., (1997) gave a kinetic model to represent the time evolution of a
photocatalytic reaction. It is applied for reacting systems where the catalyst is in
suspension form, substrate is a hydrocarbon compound which is attacked by hydroxyl
radical for initiation of the oxidative reaction, catalyst activation is produced by radiation
energy in the near UV range, in the presence of oxygen and there is no mass transport

limitation.

Ray and Beenackers (1997) designed a new two-phase swirl-flow monolithic type
reactor to study the kinetics of heterogeneous photocatalytic processes on semiconductor
catalysts. The kinetic rate constants for the destruction of textile dye were measured as a
function of wavelength of light intensity and angle of incidence, catalyst layer thickness
and the effect of absorption of light by liquid film on the overall rate of photocatalytic
degradation. Chen and Ray (1998) also used this new two-phase swirl-flow monolithic
type reactor to study the kinetics for destruction of 4-nitrophenol (4-NP). Most of the
earlier work investigated the effects of various parameters on the initial degradation rate
(or the formation of CO,) of the pollutants. In this study, photo-mineralization of 4-NP
sensitized by Degussa P25 TiO, in aqueous solution had been investigated as a function
of the following different experimental parameters like initial concentration of pollutant
light intensity, partial pressure of oxygen, catalyst concentration, pH and temperature.
Andreozzi et al., (2000) have studied the photocatalytic oxidation of 4-nitrophenol in the
presence of solid TiO, using different type of reactors. Zamostny and Belohlav (2002)
have conducted three case studies presenting different aspects of the identification of
kinetic models in heterogeneous catalysis. There demonstrations were based on the real
examples of the laboratory catalytic hydrogenation experiments. This study helps to
demonstrate the possibilities of maximizing the reliability of parameter for the application

at the industrial scale.

51



Minero (1995) presented a kinetic model for the early stages of oxidation of an
organic compound over irradiated semiconductors considering simple cases having
advantage of simplicity and of analytical solutions to the general differential equations.
Minero (1999) explored several kinetic models and gave an analytical equation for the
rate and quantum yield which retains the principal features of the photocatalytic process,
namely the light induced charge separation and recombination, the oxidative and
reductive electron transfers, the formation of stable oxidized intermediate. All the
previous features and dependence of light intensity were described by him with only three
parameters, which collect all kinetic constants and account for experimental
concentrations of the substrate and electron scavenger, light intensity and catalytic system

characteristics.

Several researchers working in this field have used various analytical techniques
to study the mechanism and degradation pathway of pollutants. Prevot et al., (2001)
investigated the photocatalytic degradation of the anthraquinonic dye Acid Blue 80 in
aqueous solutions containing TiO, dispersions. The mechanism has been studied by
following either the disappearance of the dye (via HPLC) or the formation of its end-
products (IC, GC, and TOC analysis). The identification of various unstable intermediates
formed after low irradiation times was performed by HPLC-MS, to give insight into the
early steps of the degradation process which mainly involve C-N bonds breaking and

substrate hydroxylation.

Muruganandham and Swaminathan (2006) studied the photo-decolorization and
degradation kinetics of Reactive Orange 4 in terms of Langmuir-Hinshelwood kinetic
model. The degradation intermediates were analysed by GC-MS technique. The
decolorization and mineralization of Acid Red 27, was investigated using UV radiation in
the presence of H,O,. The AR 27 degradation was followed through HPLC, UV-Vis and
COD analysis. Zielinska et al., (2003) studied the photocatalytic decomposition of
organic dyes using TiO, under UV/Vis illumination. The photo-decomposition of these
dyes on the photocatalyst surface was monitored by FTIR spectroscopy. Chun and
Yizhong (1999) studied the photo-degradation and biodegradability of few azo dyes in
terms of COD, TOC and BOD analysis.

Surface bond-conjugated TiO,/SiO, was prepared by means of impregnation

method for photocatalysis of azo dyes by Chun et al., (2001). This TiO, fixed on silica gel
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showed three times higher photoactivity for the degradation of a reactive azo dye and
photo-degradation was studied by XRD, FTIR, XPS and BET measurements. Lam et al.,
(2007) reported that sol-gel nano titanium dioxide thin film can be activated by the UV
radiation available in sulight to perform solar photocatalysis. The properties of the
Cr/TiO; thin films were fully characterized by X-ray diffraction (XRD), differential
scanning calorimetry (DSC), thermal gravity (TG) analysis, scanning-electron

microscopy (SEM) and energy dispersive X-ray (EDX) analysis.

2.9 Reactors for Wastewater Treatment
Different reactors for the solar photocatalytic water treatment have been
developed and tested in recent years. The reactors most often used are:
(1) Parabolic trough reactors (PTRs)
(2) Compound parabolic collecting reactors (CPCRs)
(3) Tubular reactors with and without reflectors
(4) Double-skin sheet reactor (DSSR)
(5) Thin-film fixed-bed reactor (TFFBR)

Birnie et al., (2006) reviewed the existing photocatalytic reactors used in research
and commercial applications and the guiding principles of effective reactor design were
also discussed. Caliman and Balasanian (2005) after conducting a survey in the field of
photocatalytic reactors reported the major issues that should be considered for the
development of commercially available photocatalytic systems for different purposes:
whether to use suspended or supported catalysts and whether to use concentrated or non
concentrated sunlight. The common problems encountered in the design of photocatalytic
reactors were also discussed and a few modalities for increasing their performances were

proposed.

To implement solar photocatalytic water detoxification in industrial processes, the
effluents from paper mills containing non-biodegradable substances like polyphenolic
polymer lignin was very effectively degraded by photocatalytic treatment under sunlight,
especially in solar reactors like the CPC type reactor, degradation takes place very fast.

Total mineralization of the contaminants can be reached (Sattler et al., (2004).
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Chapter 3
MATERIALS AND METHODS

This chapter describes the materials used and methods adopted for carrying out the

experimental work.

3.1 Materials
3.1.1 Samples
The following chemicals were used for preparing synthetic wastewater:

a. Commercially available Reactive Red dye 198 (RR dye 198) was gifted from a
nearby textile industry, Nahar Fabrics, Derabassi, Punjab, India and was used as
such without any purification.

b. J-Acid (6-Amino naphthol-3-sulfonic acid) was purchased from Sigma Aldrich
Company, USA.

Effluent sample was collected from S.R. textile industry, Derabassi, Punjab, India.

3.1.2 Catalysts used

1. Degussa P25 TiO; was procured from Degussa Company, Germany. It has a
BET surface area of 50 = 15 m’g”" and is 70% in anatase crystal form with
average particle size of 30 nm.

2. Hombikat UV 100 TiO, was procured from Sachtleben Chemie GmbH,
Germany. It consists of 100% anatase wih specific BET-surface area of > 250
m’ g and primarily particle size of 5 nm.

3. Sensitized TiO, was prepared by the following procedure:
To 500 ml of Rose Bengal solution (500 mg L") was added 5 g of TiO; and then
left overnight in dark with stirring for adsorption equilibration. The solution was
filtered and the Rose Bengal adsorbed TiO, was dried at room temperature. The
amount of the sensitizer adsorbed on the TiO, surface was calculated from the
difference in absorption and it was found to be 90 mg g

4. ZnO was purchased from Sigma Aldrich Company, USA having its BET-

2 -1
surface area of Sm” g .
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3.1.3 Reagents and Chemicals

Hydrogen peroxide (30% v/v solution) and Ammonium persulphate obtained from
S. D. Fine Chemicals Limited, India, were used as oxidants. Hydrochloric acid and
sodium hydroxide (S. D. Fine Chemicals Limited, India) were used to adjust the pH. Rose
Bengal was obtained from Aldrich and was used as received. The other chemicals used
were NaNj (extra pure, Merck), DABCO (CsH2N2, 98%, Aldrich) 1,4-Benzoquinone,
prepared in the laboratory by the literature reported procedure (Singh V. et al., 2003) and
recrystallized twice with pet. ether, and phenol (S. D. Fine Chemicals Limited, India).

Reagents used for COD determination were potassium dichromate, mercuric
sulphate, silver sulphate, concentrated sulphuric acid, ferrous ammonium sulphate and
ferroin indicator. For BOD determination sodium thiosulphate, manganese sulphate,
potassium iodide, sodium azide, starch and sulphuric acid were used. All chemicals for
COD and BOD analysis were obtained from Ranbaxy Laboratories, India.

All chemicals were used as received. In all the experiments, double distilled water was

used.

3.2 Equipment and Instruments

3.2.1 Radiometer

The sunlight intensity was measured by using an Eppley radiometer (model no. 33013).

Fig 3.1 Eppley radiometer
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3.2.2 pH Meter
The pH of the solution was varied by adding HCl or NaOH solution as per

requirement and measured using ELICO, India, model no. LI 120 pH meter.

3.2.3 UV-Vis Spectrophotometer
For determining the concentration of various compounds, UV-Vis

sphectrophotometer (Hitachi U-2001) was used.

3.2.4 Filtration

Samples after photocatalytic treatment were filtered through Millipore filter (0.45um)

membrane.

3.2.5 Ultrasonic Bath
To study the effect of ultrasound the whole reactor assembly was immersed in

Branson Ultrasonic Cleaning Bath model 3150DTH (47 kHz, 130 W).

3.2.6 Autoclave

Semi- automatic autoclave (EQUITRON, India) was used for the digestion of

samples in COD determination.

3.3  Photoreactors
Degradation studies were conducted using following two non-concentrating type
reactors:
1 Immersion well type photoreactor

2 Shallow pond slurry reactor

3.3.1 Immersion well type photoreactor

An immersion well type photochemical reactor made of Pyrex glass equipped
with a water-circulating jacket maintaining a temperature of 25°C and an opening for
supply of oxygen as shown in Fig. 3.2 was used. The photocatalytic reactor is provided
with one more inlet (sampling port) through which the samples are taken with the help of

syringe from time to time during the experiment. The photoreactor is placed on a
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magnetic stirrer. A 50W halogen lamp and 125W medium pressure mercury lamp is

placed in the centre of the photoreactor as a source of UV and visible light respectively.
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Fig.3.2 Laboratory setup for immersion well type reactor

3.3.2 Shallow pond slurry reactor
A schematic diagram of lab scale set up for shallow pond reactor is shown in Fig.
3.3. A batch type bench scale photocatalytic reactor system was fabricated for conducting

experiments. The set up consisted of a batch reactor placed on a platform under sunlight.

Fig.3.3 Schematic diagram of lab scale set up for shallow pond reactor:
(1) Reactor, (2) Magnetic stirrer
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An Eppley radiometer model no. 33013 was used to measure the UV intensity. A
Borosil glass vessel of 1000 ml capacity was used as the shallow pond reactor and it was
covered with a thin plastic film through which 98% of UV rays can pass. This reactor is
placed on a magnetic stirrer to keep the contents in the reactor well mixed, so that the
TiO; remains suspended and the concentration of the pollutant within the reactor could be

assumed to be constant at any time.

3.4  Experimental Procedures

3.4.1 Adsorption Experiments

The adsorption tests under dark conditions were carried out in order to evaluate
the adsorption of dye on the TiO, surface at different pH and different initial
concentrations of RR dye 198 and J-acid and to calculate the equilibrium constants. These
tests were performed using 200 ml aqueous solution of RR dye 198 and J-acid
respectively at different initial concentration and pH of the solution put in contact with
optimum amount of TiO, for 2 h and kept in dark at 25°C. The solution was filtered
through a 0.45 pum filter and concentration of the unabsorbed substrate was measured to

find the extent of adsorption as a function of initial concentration at different pH.

3.4.2 Experiments using Immersion well Photoreactor

Stock solution of concentration 100 mg L™ stock solution of the substrate
(Reactive Red 198 dye/ J-acid) was prepared in distilled water for all the experiments
under UV light which was diluted to 50 mg L™ while carrying out the irradiation
experiments under visible light. 200 ml of solution was taken in the reactor and the
catalyst was addedto it. The pH of the solution was noted. Oxygen was continuously
purged throughout the experiment. The suspension was then irradiated under UV light
using 125W medium pressure mercury lamp or visible light using SOW halogen lamp
with continuous stirring using a magnetic stirrer for the required period of time. An
aliquot of 5 ml was taken from the reactor at regular intervals of time with the help of a
syringe. The catalyst was filtered from the sample by using a Millipore filter (0.45 pum).
These samples were analyzed using a UV-Vis spectrophotometer/COD analysis. The pH
of the final solution was noted. Experiments were repeated in triplicate for getting the
reproducibility of results. To study the effect of ultrasound, the entire photoreactor

assembly was immersed in an ultrasonic bath. Various experiments were conducted in the
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above setup for optimizing the parameters like initial concentration, pH, catalyst loading,
and H,O, concentration. To study the effect of radical quenchers on the photocatalytic
degradation of RR dye 198, 0.1 g L' of three different compounds, NaNs, DABCO and
1,4-Benzoquinone were added in three individual experiments and the suspension was

irradiated under normal conditions as explained above.

3.4.3 Experiments using Shallow pond slurry reactor under sunlight

Stock solution of concentration 100 mg L' stock solution of the substrate
(Reactive Red 198 dye, J-acid) was prepared in distilled water for all the experiments.
Wastewater collected from the textile industry was highly concentrated and therefore to
get the values within range, the sample was diluted in the ratio of 1:1. Distilled water was
used for all the dilutions. 200 ml of solution was taken in the reactor with A/V ratio of
1.14 cm® ml™” and the catalyst was added it. The pH of the solution was noted. Oxygen
was continuously purged throughout the experiment. The suspension was then irradiated
under sunlight (the intensity of which was measured by Radiometer) with continuous
stirring using a magnetic stirrer for the required period of time. An aliquot of 5 ml was
taken from the reactor at regular intervals of time with the help of a syringe. The catalyst
was filtered from the sample by using a Millipore filter (0.45 pm). These samples were
analyzed using a UV -Vis spectrophotometer/COD analysis. The pH of the final solution
was noted. Experiments were repeated in triplicate for getting the reproducibility of

results.

For degradation of effluent with the above mentioned setup, the various
experiments were conducted for optimizing the parameters like initial concentration, pH,
catalyst loading, H,O, concentration and A/V ratio. Before and after photocatalytic
treatment (with optimized conditions), water was filtered and checked for COD, BOD,
TSS, TS, TDS and pH.

3.5  Sample collection and storage of wastewater sample

Wastewater sample was collected from the equalization tank in the effluent
treatment. The sampling bottle was cleaned and rinsed carefully with distilled water and
then with the effluent. About 2.5 cm air space is left in the bottle to facilitate mixing by

shaking. Then samples were stored at 4°C within one to two hours of sample collection.
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3.6  Water Analysis

3.6.1 Total Solids

Total solids were measured by method No. 2540 B, page no. 2-72 of STANDARD
METHODS for the examination of Water and Wastewater (Greenberg,
1989)

3.6.2 Total Dissloved Solids

Total dissolved solids were estimated as per the standard method No. 2540 C,
page no. 2-74 of STANDARD METHODS for the examination of Water and Wastewater
(Greenberg, 1989).

3.6.3 Total suspended solids

Total suspended solids were calculated by method No. 2540 D, page no. 2-75 of
STANDARD METHODS for the examination of Water and Wastewater (Greenberg,
1989).

3.6.4 Estimation of BOD

BOD was determined as per standard method No. 5210 B, page no. 5-4 from
STANDARD METHODS for the examination of water and wastewater, 1989, 170
edition (Greenberg, 1989). Dilutions for strong industrial effluents are quoted from 0.1%

to 1.0%, 0.2% and 0.4%. Tests were repeated for getting the reproducibility of results.

3.6.5 Estimation of COD

COD was calculated as per the standard method No. 5220 C, page no. 5-14 from
STANDARD METHODS for the examination of water and wastewater, 1989, 17"
edition (Greenberg, 1989). For all the samples 1:1 dilution was done so as to get the COD
within range while using the above method. Samples were digested in a semi-automatic

autoclave.

3.6.6 GC- MS analysis
GC-MS analysis was done using Hewlett Packard HP 6890 series, GC system
with FID detector, 5973 Mass Selective Detector and auto sampler was used. Column

DB-5 MS [5% phenyl polysiloxane (30x250x0.25 um), ID - 0.25 mm, film pm — 0.25)
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with temperature limit of —60-325°C purchased from J & W scientific was used.
Operating programme was (100°-5°-200°-15°-280°) in splitless mode. An injection

volume of 0.5 pl with helium as a carrier gas was used for analyzing the residue.

3.6.7 Using UV- Visible Spectrophotometer
A PC based UV-Vis spectrophotometer was used for determination of

concentration of synthetic samples as per following procedure.

The system is switched on and warmed up. Thoroughly cleaned quartz cuvettes
are used. One cuvette is filled with the reference compound and the other one with the
compound whose absorbance has to be measured at Amax. To get the relationship between
concentration and absorbance of the compound, a calibration curve is made. Calibration
solutions are made from standard solutions of known concentration. The absorbance is
plotted against known concentration of the calibration samples. These calibration curves
are stored in the system itself and the concentration of the unknown sample can be

calculated directly from the absorbance.

3.7  Biodegradability of Organic Pollutants

The ratio of BOD and COD in wastewater is normally used to express the
biodegradability of the wastewater. When the ratio of BOD and COD is more than 0.3,
the wastewater has a better biodegradability, whereas if the ratio is less than 0.3, it is

difficult to degrade the impurities by biological methods (Chun and Yizong, 1999).

To investigate the biodegradability of dyes solution, COD and BOD of the

samples before and after the photocatalytic treatment were measured.

61



Chapter 4 (A)

PHOTOCATALYTIC DEGRADATION OF REACTIVE RED 198 UNDER
UV LIGHT

41 Overview

This chapter deals with the adsorption and photocatalytic degradation of Reactive
Red 198, commonly used as a textile dye, in the presence of various photocatalysts as an
aqueous suspension under UV light in an immersion well type photoreactor. Effect of
various operational parameters like catalyst loading, initial substrate concentration, pH
and addition of oxidant is studied to determine the optimized conditions for maximum
degradation. Under optimized conditions the degradation of RR dye 198 was also carried

out under sunlight using a shallow pond slurry reactor.

4.1.1 Structure of Reactive Red 198

The structure of Reactive Red dye 198 (RR dye 198) is as given in Fig 4.1.1. It is
a red colored reactive dye containing a suitable group (2,4,6-monochlorotriazinyl amino
group and vinyl sulphone group) capable of forming a covalent bond between a carbon
atom of the dye ion or molecule and an oxygen, nitrogen or sulphur atom of a hydroxyl,

an amino or a mercapto group respectively of the substrate (Abrahart, 1997).

Cl

NaO3SO N=

1%) OH NH4<\N /N
ﬁ@N:N NH@SOsNa
0

NaO3S SO3Na
Fig. 4.1.1 Structure of Reactive Red 198

4.1.2 Adsorption Equilibrium in Dark Conditions
The adsorption tests under dark conditions were carried out as per the procedure
given in section 3.4.1. All the adsorption isotherms obtained at different pH were L-

shaped as shown in Fig 4.1.2.
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Fig. 4.1.2 Adsorption isotherms of RR dye 198 on TiO, surface at different initial pH
(®)pH 3.5 (m) pH 4.6, (A)pH 7, (Y)pH?Y9

The equilibrium constants were determined by fitting the experimental data to the

Langmuir equation (Eq. 4.1.1) to describe the adsorption of the dye on the homogeneous

surface of TiO,:

q,pCe
qe = Hp— (Eq. 4.1.1)
1 +bCe

where gy, is the maximum amount of dye adsorbed forming a complete monolayer, b is
the equilibrium parameter, C, is the concentration of dye in aqueous solution, and q. is the

concentration of dye on the solid. The Langmuir equilibrium constants as per Eq. 4.1.2

are shown in Table 4.1.1.

Ka=qmb (Eq. 4.1.2)

Table 4.1.1 Langmuir equilibrium constants for the adsorption of RR dye 198 on

TiO; in dark
pH Ka(gL")
3.5 10.55
4.6 1.51
7.0 1.00
9.0 0.50
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4.1.3 Dye Degradation and Decolorization- TiO, suspensions using

Immersion Well Reactor

Photocatalytic degradation of Reactive Red 198 (RR dye 198) was studied with
P25 TiO; catalyst by varying different parameters in immersion well type photoreactor as
shown in Fig 4.1.3. To study the degradation rate, the procedure given in section 3.4.2
was adopted. Reaction rate constant (k) is a function of parameters such as catalyst
loading, pH of the solution, initial concentration of the substrate and addition of the
oxidant. Therefore, the effects of these parameters on the reaction rate constant have been

investigated in the laboratory reactor.

n d m \ \
Fig. 4.1.3 Laboratory set up for the photocatalytic degradation of RR dye 198
under UV light

The time dependent electronic absorption spectrum of RR dye 198 is presented in
Fig. 4.1.4 during photo-irradiation. The absorption peak height gradually decreases with
time and after 45 minutes of irradiation under UV light in a TiO; aqueous suspension, the
absorption peak of dye disappears totally, which indicates its complete degradation.
Besides, no new bands appear in the UV-Vis region due to any reaction intermediate

formed during the degradation process.
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Fig. 4.1.4 Spectral changes in RR dye 198 during UV irradiation
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4.1.4 Kinetic Studies

As the photocatalytic mechanism suggests, both TiO, and a light source are
necessary for the photo-oxidation reaction to occur. A control experiment was conducted
on the irradiation of RR dye 198 under only UV light, in the presence of TiO,, with and
without UV irradiation over a period of 45 min. No degradation was observed in the
presence of UV light only. In the presence of TiO,, but without irradiation, slight loss was
observed due to the adsorption of the dye on to the surface of TiO,. However on
irradiating the dye with TiO, in aqueous dispersion about 99% of the dye was degraded

within 45 min of irradiation as shown in Fig 4.1.5.
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Fig. 4.1.5 Photocatalytic degradation of RR dye 198 (A ) only UV,
(=) only TiO,, (0.3 g L), (8) with TiO5 (0.3 g L") and UV light

The degradation, as exemplified by the RR dye 198 photodegradation data, can be
approximated as first-order kinetics. Fig. 4.1.6 shows the linear fit between the In (C,/C)

and irradiation time that supports this conclusion.
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Fig. 4.1.6 Kinetics of photodegradation of RR dye 198; C, = 100 mg L', pH = 4.6,
[TiOy] =0.3gL”

4.1.5 Mineralization of RR dye 198

Reduction of chemical oxygen demand (COD) reflects the extent of degradation

or mineralization of an organic species. The percentage change in COD was studied for
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the dye sample having an initial concentration of 100 mg L™, pH 4.5, and catalyst loading
of 0.3 g L™ under artificial UV light. The COD value decreased from 104 mg L' to 5 mg

L after 3 h of irradiation which indicates significant mineralization upto 95%.

4.1.6 Effect of catalyst loading

The effect of photocatalyst concentration on the degradation rate of RR dye 198
has been investigated by employing different concentrations of TiO, varying from 0.05 to
0.5 g L™ under UV light. It is observed that the initial rate increases with the increase in
catalyst concentration, becomes maximum and remains almost constant thereafter as

shown in Table 4.1.2. The optimum catalyst concentration for the degradation of RR dye

198is0.3 gL

Table 4.1.2 Effect of TiO; loading on the degradation rate during the photocatalytic
oxidation (C, = 100 mg L™, pH = 4.6)

[TiO] g L™ ro (mg L™ min™)
0.05 2.4013
0.10 3.5034
0.15 4.3794
0.20 4.6534
0.25 4.8958
0.30 5.4026
0.35 5.3710
0.40 5.3329
0.50 5.2498

Galindo et al., (2002) reported an empirical relationship between the initial
decolorization rate and TiO, concentration, 1, , [TiO,]"[dye], where n is an exponent less
than 1 for the dye studied (Sauer et al., 2002). In the present work, the dependence of
TiO, concentration on the initial decolorization rate follows a similar relationship (r,

[TiO,]"*), when catalyst concentration is less than 0.3 g L' as calculated from Fig. 4.1.7.
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Fig. 4.1.7 Relationship between In r,and In [TiOs]; pH = 4.6, C, = 100 mg L”

4.1.7 Effect of initial substrate concentration

As pollutant concentration is an important parameter to be studied, the effect of
initial concentration of dye solution on the degradation rate of RR dye 198 has been
investigated by varying the dye concentrations from 50 mg L to 200 mg L™ in the
presence of 0.3 g L TiO, under UV light as shown in Fig 4.1.8. This shows that the

photo-oxidation process is more suitable for low concentration of the pollutants.
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Fig. 4.1.8 Kinetics of photodegradation of RR dye 198 at different initial concentrations:
x=50mgL';A=100mgL”';0=150mgL";
0=200mg L, pH=14.6, [TiO)] =03gL"’

The influence of the initial concentration of the solute on the degradation rate of
most of the organic compounds can be described by a pseudo first order kinetics in terms
of Langmuir-Hinshelwood equation (Eq. 4.1.3) modified to accommodate reactions

occurring at a solid-liquid interface.

p o de_ KvKeGo (Eq. 4.1.3)

odt 14K,
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Where k, reflects the limiting rate of the reaction at maximum coverage under the
given experimental conditions. K. represents the equilibrium constant for adsorption of
dye on to illuminated TiO,. In Eq. 4.1.3, k, represents the apparent rate constant because
it is also dependent on the source of UV light and the radiation field inside a

photocatalytic reactor.

A linear expression can be obtained by plotting the reciprocal initial rate against
the reciprocal initial concentration as shown in Fig.4.1.9. The values of K. and k, are

calculated to be 0.0047] mg™ and 17.699 min™' respectively.
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Fig. 4.1.9 Representation of Langmuir-Hinshelwood equation: pH = 3.5,
[TiOy] =0.3gL”

4.1.8 Effect of initial pH of the solution

The wastewater pH varies with time and the generation of hydroxyl radicals is
also a function of pH. Thus, pH plays an important role both in the characteristics of the
wastewater and generation of hydroxyl radicals. Hence, employing Degussa P25 as
photocatalyst the degradation of RR dye 198 in the aqueous suspensions of 0.3 gL TiO,
was studied in the pH range between 3.5 and 11 as shown in Fig.4.1.10, the natural pH of
dye being 4.6.
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Fig. 4.1.10 Effect of pH on initial rate of degradation of RR dye 198: [TiO,] = 0.3 gL,
C,=100 mg L’
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The degradation rate is higher in acidic media and decreases with the increase in

pH of the solution upto 11. The photo-oxidation process can, therefore, be carried out in

acidic medium. These results are reflected by the k, and K. values of the Langmuir-

Hinshelwood equation (Eq. 4.1.3) as given in Table 4.1.3.

Table 4.1.3 Langmuir-Hinshelwood constants for the photodegradation of RR dye

198 at different pH values

pH Ke (Img™) ky (min™)
3.5 0.004649 17.69912
4.6 0.007372 11.16071
7.0 0.007110 6.747638
9.0 0.011186 3.402518

419 Effect of H,O, addition

Limitation to the rate of photocatalytic degradation had been attributed to the

recombination of photogenerated hole-electron pairs. Since the addition of H,O, may play

an important role in accelerating the degradation rate of azo dyes, experiments were

conducted to examine its effect on degradation of the dye. The degradation rate increases

initially by the addition of H,O, and beyond a certain concentration of H,O,, rate of

degradation decreases. The optimum H,O, concentration for degradation of dye with an

initial concentration of 100 mg L™ at pH of 4.6 is 5 ml L™ as shown in Fig. 4.1.11.
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Fig. 4.1.11 Effect of H,O; concentration on the initial rate at C, = 100 mg L', pH
=4.6 [TiO;] =03gL”’
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4.1.10 Efficiency of the recycled catalyst

The catalyst’s lifetime is an important parameter of the photocatalytic process, due
to the fact that its use for longer period of time leads to a significant cost reduction of the
treatment. For this reason, the catalyst was recycled four times as shown in Fig. 4.1.12
which shows a drop in efficiency from 98 to 60%. After the optimized conditions for the
degradation of the RR dye 198 were determined, the catalyst was recovered by filtration
and activated at 100°C and again used to study its recyclibility. This is likely due to the

fouling of the catalyst and loss due to filtration.
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Fig. 4.1.12 Recyclibility of TiO;

4.1.11 Comparison of Photodegradation of RR dye 198 under UV light and

solar light using Shallow Pond slurry reactor

After determining the optimum conditions for the degradation of dye under
artificial UV light under laboratory conditions, the degradation of this dye was also
studied under sunlight in a shallow pond slurry reactor, the procedure of which is given in
section 3.4.3 at an average intensity of 29 Wm™ in the month of May. It was observed
that the degradation of dye under sunlight was 98% in 20 min as compared to 86% under
artificial UV irradiation in the same duration of time and similar conditions as shown in

Fig. 4.1.13.
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Fig. 4.1.13 Photocatalytic degradation of RR dye 198 in presence of sunlight (0) and
under artificial UV light (4)

4.1.12 Discussion

Results of the present study clearly show that the photocatalytic treatment of
aqueous solution of Reactive Red dye 198 under UV light, leads to decolorization and
degradation of dye solution. The results show that significant amount of dye adsorbs on
the TiO; surface. The adsorption of dye on the surface of TiO; at different pH and initial
concentrations were studied and equilibrium constant was calculated. All isotherms
showed a type of L-shape as shown in Fig 4.1.2. According to the classification of Giles
et al., (1974), the L-shape of the isotherms means that there is no strong competition

between the solvent and the adsorbate to occupy the adsorbent surface sites.

It is observed that the Reactive Red 198 dye adsorbs in acidic media (pH < 6.8)
and negligible adsorption is observed in the alkaline media (pH > 7.0). This can be
explained by the point of zero charge of the TiO, at pH 6.8. The TiO, surface is positively
charged in acidic media (pH < 6.8), whereas it is negatively charged under alkaline
conditions (pH > 6.8). Therefore the anionic Red dye is readily adsorbed in acidic
medium but in alkaline medium (above pH 6.8) the dye is repulsed and, therefore, is

scarcely adsorbed.

The photocatalytic decolorization and degradation of RR dyel98 containing TiO,
obeys pseudo-first-order kinetics. At low initial dye concentration the rate expression is

given by Eq. 4.1.4.

d[c] _KI[C] (Eq. 4.1.4)
dt
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where k' is the pseudo-first-order rate constant. The dye is adsorbed onto the TiO,
surface and the adsorption-desorption equilibrium is reached in 30 min. After adsorption
the equilibrium concentration of the dye solution is determined and it is taken as the
initial dye concentration for kinetic analysis. Integration of the Eq. 4.1.4 (with the limit of
C = Cy at t = 0 with Cy being the equilibrium concentration of the bulk solution) gave Eq.
4.1.5.

ln[%] et (Eq. 4.1.5)

where Cy is the equilibrium concentration of dye and, C the concentration at any time
‘t’. It appears that a first order fit to data is quite good as the regression value was 0.9944

and rate constant calculated was 0.1243 min™ (from Eq. 4.1.5 and Fig 4.1.6).

Because of the amphoteric behavior of TiO,, an important parameter which affects
the reaction rate taking place on the surface of the semiconductor surface is the pH of the
dispersions since it affects the surface charge properties on the particles, the size of the
aggregates it forms and the position of the conductance and valence bands (Alaton et al.,

2001; Saquib and Muneer, 2002).

TiOH + H' === TiOH, (Eq. 4.1.6)

TiOH + OH =<==TiO + HO (Eq. 4.1.7)

Three possible mechanisms which lead to the degradation of the dye are hydroxyl
radical attack, direct oxidation by the positive hole and direct reduction by the electron in
the conducting band depending on the nature of the substrate and pH. In the present
experiments the degradation rate is higher in acidic media and decreases with the increase
in pH. In acidic pH, the surface of TiO, acquires a positive charge thereby attracting the
anionic RR dye 198, leading to greater adsorption and hence increasing the degradation
rate in the acidic media. However, the reverse effect is observed in the basic medium
where the TiO, surface is negatively charged which repels the dye thereby decreasing the
degradation rate. The adsorption is maximum at pH 3 and so is the degradation rate. This

observation confirms the correlation between adsorption and initial rate of degradation,
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which are directly related and it further indicates that the degradation is a surface

phenomenon.

It is well documented that the absorption of photons possessing energy equal to or
higher than that of the semiconductor (3.2 eV for TiO,), causes charge separation as

shown in Eq. 4.1.8:
TiO, + hv ——— TiO, (¢) + TiO, (h") (Eq. 4.1.8)

The photo generated holes may then react with adsorbed dye and oxidize the dye
molecule by the formation of hydroxyl radicals. The photo-produced electrons in the
conduction band react with the adsorbed oxygen to produce reactive radicals to yield the
reactive oxygen species as shown in Fig 1.4. Change in COD further confirms the

degradation leading to decrease in organic content.

The number of photons absorbed and the number of dye molecules adsorbed
increase with the increase in catalyst concentration thereby enhancing the rate of
degradation. Above a certain level the number of substrate molecules is not sufficient to
fill the surface active sites of TiO,. Hence, further addition of catalyst does not lead to the
enhancement of the degradation rate. The degradation rate also decreases due to the
aggregation of TiO; particles at higher concentrations causing decrease in the number of
surface active sites and also due to the increase in opacity and light scattering of TiO,
particles at high concentration through the sample. Our results are in good agreement
with those reported in literature (Toor et al., 2006; Chen and Ray, 1998; Mills and Morris,
1993b).

One of the important aspects to study is the influence of initial concentration of
the dye solution on the rate of degradation. The photodegradation rate is observed to
decrease with increasing initial concentration and our results are in accordance with those
reported in the literature (Rideh et al., 1997; Chen and Ray, 1998; Nepopolian et al.,
2002c). As the concentration increases, the concentration of unadsorbed dye in the
solution increases, leading to lesser penetration of light through the solution onto the
surface of TiO,, thereby decreasing the concentration of OH radical which is the most
reactive species formed on the surface and hence, decreasing the rate of degradation.

Since the relative number of the OH radicals attacking the substrate decreases, the photo-
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efficiency of the reaction also decreases. However, the reverse effect is observed at lower
substrate concentration, where the light intensity and time of irradiation is same but the
interception of the photons to the catalyst surface is decreased leading to the formation of

more number of OH radicals, thereby increasing the rate of reaction.

As reported in the literature (Sauer et al., 2002; Saquib and Muneer, 2002; Poulios
and Tsacpinis, 1999) increase in concentration of ‘OH radicals leads to the increase in the
rate of photocatalytic degradation. One of the methods to increase the concentration of the
hydroxyl radical is by the addition of hydrogen peroxide, since it inhibits the electron-

hole recombination, according to Eq. 4.1.9.
TiOy (e ) + H,O, —» TiO, + OH + *OH (Eq. 4.1.9)

Hydrogen peroxide is considered to have two functions in the process of
photocatalytic degradation. It accepts a photo-generated electron from a conduction band
and thus promotes the charge separation, and it also forms OH® radical, according to Eq.
4.1.9. However, at high concentration of H,O,, it also acts as a scavenger as shown in
Eqgs. 4.1.10 and 4.1.11. Therefore, there is a need to determine the optimum concentration

of hydrogen peroxide experimentally.

H,0, + *OH — HO," + H,0 (Eq. 4.1.10)
HO,'+ *OH — H,0 + O, (Eq. 4.1.11)

Degradation studies under sunlight utilize both of its UV and visible components
which help in the degradation. In addition to the OH radicals and superoxide radical
anions produced under UV light, the dye is also degraded by sensitized photocatalytic
mechanism which becomes operable under visible light. In this mechanism the adsorbed
dye molecule is excited by visible light and thus acts as a photosensitizer. But the
degradation of dye under UV light is mainly due to the generation of electron-hole
generation when the TiO, particle absorbs photon of light more than its band gap energy
(3.2 eV for TiO,). This electron—hole pair leads to the formation of hydroxyl radical and
superoxide radical anion and these radicals are the primary oxidizing species in the
photocatalytic oxidation processes. Due to this, the degradation rate is more under similar

conditions under sunlight than only UV light as studied in the laboratory.
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Photocatalysis is a clean technology, which normally does not involve any waste
disposal problem. The process is more economical if the catalyst can be recycled. TiO,
was recycled efficiently four times with 60% photoefficiency. The decrease in efficiency
of the recycled catalyst is due to deposition of photosensitive hydroxides on the
photocatalysts surface blocking its active sites also referred to as fouling of the catalyst

(Chakrabarti and Dutta, 2004).
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Chapter 4 (B)
PHOTOCATALYTIC AND SONOPHOTCATALYTIC
DEGRADATION OF REACTIVE RED 198 UNDER VISIBLE LIGHT

4.2  Overview

In this chapter the accelerated photocatalytic degradation of Reactive Red 198 dye
under visible light using dye sensitized TiO, activation by the synergistic effect of
ultrasound is reported. The effect of sonolysis, photocatalysis and sonophotocatalysis
under visible light has been examined to study the influence on the degradation rates by
varying the initial substrate concentration, pH, catalyst loading and H,O, concentration to
ascertain the synergistic effect on the degradation techniques. Further the presence and
role of oxidative species, such as singlet oxygen (‘Oy), superoxide (O,”) and hydroperoxy
(HOy") radicals was examined with the use of appropriate quenchers of these species. The
photocatalytic activity of RR 198 dye sensitized TiO, is demonstrated by the degradation
of phenol in the presence of visible light. A comparative study using TiO,, Hombikat UV

100 and ZnO was also carried out.

4.2.1 Photocatalytic and Sonophotocatalytic Degradation of RR 198  Using
Immersion Well Reactor
The experimental procedure adopted to study the degradation rate in case of
photocatalysis and sonophotocatalysis is explained in section 3.4.2 and the laboratory
setup is as shown in Fig 4.2.1. Reaction rate constant (k) is a function of parameters such
as catalyst loading, pH of the solution, initial concentration of the substrate and addition
of oxidant and therefore, the effect of these parameters on the reaction rate constant have

been investigated.

Fig. 4.2.1 Laboratory set up for the sonophotocatalytic degradation of RR dye 198 under
visible light
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4.2.2 Decolorization and kinetic analysis

Reactive Red 198 is a strongly absorbing dye in the UV-visible region with
distinct bands near UV region (Amax = 294 nm) and another one in the visible region (Amax
= 515 nm). The latter is responsible for the red color arising from aromatic rings
connected by azo groups and the former is associated with benzene like structures in the
molecule. The disappearance of the visible band as shown in Fig 4.2.2 in a short period is
due to the fragmentation of the azo links by immediate OH radical attack (hydroxylation)

in the oxidation process.
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Fig. 4.2.2 Spectral changes that occur during the sonophotocatalytic degradation of
aqueous solution of RR dye 198: pH = 4.6, [TiO5] = 0.3gL", Cy =50 mg L

In addition to this rapid bleaching effect, the decay of the absorbance at 294 nm is
considered as evidence of aromatic fragment degradation in the dye molecule and its

intermediates. The color fading during photocatalysis is shown in Fig.4.2.3.

Fig. 4.2.3 Color Removal during Photocatalysis

The degradation rates measured under different experimental conditions could

conveniently be compared in terms of first order rate constants, obtained from the slopes
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of plots of Fig. 4.2.4. The degradation was negligible in the presence of only visible light
without TiO,. However, the pollutants underwent relatively slow degradation under
ultrasound in the presence of TiO, (US+TiO,), while under photocatalysis (Vis+TiO,) the
degradation occurred at higher rate. A further increase in reaction rate was observed on
illuminating the sample suspensions simultaneously with visible light and ultrasound in
the presence of TiO; (Vis+tUS+Ti0O;). Mainly ultrasound contributes through cavitation to
the scission of H,O, produced by both photocatalysis and sonolysis. This increases the
amount of reactive radical species inducing oxidation of the substrate and degradation of

intermediates and is mainly responsible for the observed synergy.

In C/C,

Time (h)

Fig. 4.2.4 First order kinetic plots of RR dye 198 degradation under (<) Visible light
(Vis), (A )Ultrasound in the presence of TiO; particles (US+TiO,), (m) photocatalysis
(Vis+TiO;) and (®) sonophotocatalysis (US+Vis+TiO,), Initial dye concentration=
50 mg L, TiO; amount = 0.3 gL’I, pH = 4.6 (natural)

4.2.3 Effect of catalyst loading

The amount of catalyst is one of the main parameters for the degradation studies
from economical point of view. In order to avoid the use of excess catalyst it is necessary
to find out the optimum loading for efficient removal of dye. Several authors have
investigated the reaction rate as a function of catalyst loading in photocatalytic oxidation
process. First order rate constants of sonolytic, photocatalytic and sononophotocatalytic
degradation of Reactive Red 198 in the presence of different amounts of titanium dioxide
(100 mg L' to 500 mg L") are reported in Fig. 4.2.5. The degradation rate under
sonolysis was very low and is not influenced by the amount of photocatalyst.
Progressively higher kyis:tio2 and kys+visiio2 values were measured with increasing TiO,
concentration with similar change for both the rate constants. The results clearly show

that the optimum catalyst loading for degradation of RR dye 198 is 0.3 g L™.
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Fig .4.2.5 Rate constants of RR dye 198 degradation under (A) US+TiO,, (m)Vis+TiO,,
(e) US+Vis+TiO,, as a function of the TiO; concentration,
Initial concentration = 40 mg L pH=4.6

This can be explained on the basis of synergistic effect which is quantified in Table 4.2.1.

Table 4.2.1 First order rate constants of RR dye 198 degradation under sonolysis in
the presence of dye sensitized TiO, (US+TiO,), photocatalysis (Vis+TiO;) and
sonophotocatalysis (Vis+US+TiO,)

Entry Co TiO, Kvis+us+Tioz | Kvis+Tio? Kus+Tioz | Synergy
amt. (mg
L
1 50 300 0.0234 0.0145 0.0038 0.2179
2 40 300 0.0466 0.0272 0.0020 0.3733
3 30 300 0.1970 0.0849 0.0012 0.5629
4 20 300 0.3087 0.1257 0.0025 0.5847

4.2.4 Effect of initial substrate concentration

The effect on the degradation rate of different initial substrate concentration was
investigated in suspensions containing 0.3 g L™ of TiO, at a normal pH of 4.6. The
degradation rate of dye measured under different experimental conditions, are shown in
Fig. 4.2.6. Under sonolysis all substrates underwent very slow degradation. Under both
photocatalysis and sonophotocatalysis the reaction proceeded much faster, the

degradation rate decreases with increase in the initial concentration of the substrate. Our
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results are in good agreement with those reported in literature (Mrowetz et al., 2003). The
combined action of photocatalysis and sonolysis produced synergistic effects in all the
investigated range of initial substrate concentration, however, the effect was more

prominent at lower concentrations.
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Fig. 4.2.6 Initial rate of RR dye 198 degradation, r, under (#) US+TiO,+Vis,
(m) Vis+ TiO,, (A) US+TiO,, as a function of the initial dye concentration,
[TiOy] =0.3g L pH=46
4.2.5 Effect of initial pH

Since pH is one of the important parameters for the photocatalytic process and it is
of interest to study its influence on the photocatalytic and sonophotocatalytic degradation
rate of the Reactive Red 198. The effect of pH on the initial degradation rate of RR dye
198 is given in Fig. 4.2.7.
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Fig. 4.2.7 Effect of pH on degradation of RR dye 198 under (m) US+TiO,+Vis,
(A) Vis+ TiO,, initial dye concentration 50 mg L, [TiO,] = 0.3 gL’]

The influence of the initial concentration of the solute on the photocatalytic
degradation derived from the kinetic data can be rationalized in terms of Langmuir-
Hinshelwood model (Eq. 4.1.3) modified to accommodate reactions occurring at a solid-
liquid interface. A linear expression can be conveniently obtained by plotting the

reciprocal initial rate against the reciprocal initial concentration as shown in Fig.4.2.8.
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The values of K. and k, are calculated to be 0.006 L mg™ and 11.14 min™ respectively
during photocatalysis and 0.004 L mg' and 17.70 min"' respectively during

sonophotocatalysis.
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Fig. 4.2.8 Representation of Langmuir-Hinshelwood equation:
[dye] =50 mg L', pH = 4.6, [TiO;] =0.3gL”
In Eq. 4.1.3, k, represents the apparent rate constant because it is also dependent

on the source of visible light and the radiation field inside a photocatalytic reactor.

The results shown in Table 4.2.2, reflect the k, and K. values of the Langmuir-
Hinshelwood equation (Eq.4.1.1). It is worth noting that the adsorption constant K, as in
Table 4.1.1 obtained from the dark adsorption isotherm is significantly different from the
K. determined from the Langmuir-Hinshelwood equation as in Table 4.2.2 in the
photocatalytic and sonophotocatalytic process. The photo adsorption and the fast
photoreaction of the substrate on the TiO, surface makes the observed K. under

irradiation conditions different from that (K,) in the dark.

Table 4.2.2 Langmuir-Hinshelwood constants for the photodegradation of RR dye
198 at different pH values

Photocatalysis Sonophotocatalysis
pH Ke (1mg™) ky (min™) Ke (1mg™) ky (min™)
3.5 0.006 11.14 0.004 17.70
4.6 0.008 5.95 0.009 5.98
7.0 0.016 1.27 0.035 1.31
9.0 0.004 2.13 0.018 1.10
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4.2.6 Effect of H,0O, addition

One possible way to increase the reaction rate would be to increase the
concentration of the OH radicals which play an important role in the rate enhancement. It
is clear from Fig. 4.2.9 that the rate of degradation goes on increasing with the increase in
concentration of H,O, and becomes maximum at 0.5 ml L and then starts decreasing
with further increase in concentration of H,O,. It is observed that the rate enhancement in
sonophotocatalytic degradation is more as compared to photocatalytic degradation. This
effect has been reported due to the increased production of H»O, under

sonophotocatalytic conditions.
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Fig. 4.2.9 Effect of H>O; concentration on the initial rate under (m) TiO>+Vis,
(A) TiO+Vis+US, [dye] = 50mg L', pH = 4.6, [TiO5] = 0.3 gL

4.2.7 Effect of various photocatalysts
The influence of three different photocatalysts, TiO,-P25, ZnO and UV-100 on

the degradation kinetics of RR dye 198 was investigated and results are shown in Fig.
4.2.10. TiO, and ZnO are found to be more efficient than UV-100. The order of activities
of the photocatalysts are ZnO> Ti0,-P25> UV-100.
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Fig. 4.2.10 Effect of various Photocatalysts on degradation of RR dye 198 under
Photocatalytic conditions (PC) and sonophotocatalytic conditions (SPC)
[dve] =50 mg L', pH = 4.6, [catalyst] = 0.3 mg L'

4.2.8 Effect of radical quenchers

The formation of oxidative intermediate species such as singlet oxygen ('O,),
superoxide (O, ) and hydroperoxy (HO;") radicals under photocatalytic and
sonophotocatalytic conditions and their role in the dye degradation process has been
investigated indirectly with the use of appropriate quenchers of these species. In these
experiments, a comparison is made between the degradation curves of RR dye 198 with
TiO, dispersions and those obtained after addition of quenchers in the initial solution
under otherwise identical conditions. Compounds used for this purpose were 1,4-
Diazabicyclo [2,2,2] octane (DABCO), a singlet oxygen quencher, sodium azide (NaN3),
which is also a quencher of singlet oxygen but may also interact with OH' radical and 1,4-

Benzoquinone (BQ), which is a quencher of superoxide radical.

It is observed from Fig.4.2.11 that in the presence of BQ, which is an O,
quencher photobleaching of RR dye 198 is completely suppressed indicating that the
superoxide radical is an active oxidative intermediate. The inhibiting effect of NaNj,
which is a 'O, quencher but may also interact with OH' radical, becomes significant after
1 h indicating the delayed formation of singlet oxygen (and possibly hydroxyl radical)
species. Similar results were obtained after addition of DABCO, which is also a singlet

oxygen quencher.
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Fig. 4.2.11 Effect of radical quenchers on the degradation rate under sonophotocatalytic

conditions X: 1,4-Benzoquinone, m: NaN;, A : DABCO, # : no quencher,
[dye] =50mg L, [TiO,] = 0.3 gL, [quencher] = 0.1g L

4.2.9 Identification of degraded intermediates

For identification of intermediate products, 200 ml of aqueous solution of RR dye
198 containing TiO, (0.3 g L") was irradiated for 2 h and the photocatalyst was removed
by filtration. The filtrate was extracted using chloroform and was subsequently dried over
anhydrous sodium sulphate. The solvent was removed under reduced pressure to get the

residual mass, which was analyzed by GC-MS analysis.

The GC-MS analysis of the residue after degradation is shown in Fig.4.2.12.
Several smaller organic intermediates are formed, out of which, one major product (18%)

was formed.
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Fig. 4.2.12 GC-MS analysis of residue of RR dye 198 after sonophotocatalytic
degradation

The structure of the major intermediate formed is suggested to be a phthalic acid

derivative by the molecular ion peak (278) and base peak (M") 149 and fragmentation

pattern as shown in Fig.4.2.13.
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Fig. 4.2.13 MS of the major product (phathalic acid derivative) identified with Retention
time-39.8 Imin and fragmentation pattern

4.2.10 Decomposition of phenol by dye-sensitized TiO, under visible light

To confirm the action of dye-sensitized mechanism the decomposition of a toxic
organic compound, phenol was carried out using RR dye 198 adsorbed TiO, as the
photocatalyst under visible light. To prepare the catalyst, a saturated solution of RR 198
dye containing TiO; (1.0 g) was magnetically stirred for 24 h in dark. The uptake was
estimated spectrophotometrically by measuring free dye in the supernatant liquid obtained
after filtration and was found to be 374 peqiv/g. The results of ultrasound mediated
phenol degradation by dye-sensitized TiO, are shown in Fig. 4.2.14. The specific peak of
phenol appeared at 270 nm, and that of the dye at 515 nm. During the process of
irradiation, phenol peak disappears with time. This indicates that the dye sensitized TiO;
attacks phenol first and the decomposition of the dye takes place after the phenol has

decomposed.
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Fig. 4.2.14 Sonophotocatalytic decomposition of phenol by RR dye 198 adsorbed TiO,
under visible light. [dye sensitized TiO,] = 0.3 g L', [phenol] = 50 mg L,
Total solution = 200 ml

4.2.11 Discussion

The adsorption of dye is a pre-requisite for the degradation and it was observed
that both adsorption and photo-degradation occur extensively in acidic medium. The point
of zero charge (pzc) of the TiO; is at pH 6.8. The suitable charge distribution on TiO,
determines the optimum pH for the adsorption of dye molecule. The anionic nature of dye
favors the adsorption in acidic media as TiO; is positively charged in acidic media (pH <

6.8) as shown in Table 4.1.1 and K, is maximum at pH 3.5.

This study reveals that the acceleration of the degradation process of dye
sensitized TiO, under visible light has been achieved by ultrasonication. Synergistic effect
was observed as: the combined effect of sonolysis and photocatalysis led to a degradation
rate constant (kys+visitioo) which was greater than the sum of the degradation rate
constants measured under photocatalysis (Kyisiioz) and sonolysis (kus+tio2). The synergy
between photocatalysis and sonolysis can be usefully quantified as the normalized
difference between the rate constants obtained under sonophotocatalysis and the sum of
those obtained under separate photocatalysis and sonolysis as is given in Eq. 4.2.1.

kVierUS+Ti02 - (kUS+Ti02 + kvis+TiOZ)

Synergy =
kViS+US+Ti02

(Eq. 4.2.1)

It is observed that with 60% dilution, the synergy factor increases four fold. Both
in photocatalysis and sonophotocatalysis the pollutants in water are degraded mainly

through the generation of OH radical attack. In case of sonophotocatalysis, OH" and other
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radicals are generated from scission of water caused under high temperature and pressure
conditions created by the collapse of cavitation bubbles. Under photocatalytic conditions
the OH’ radicals are generated via photosensitization, which involves initial exicitation of
dye molecules rather than TiO, particles. Charge is then injected from the singlet or
triplet excited states of the dye into the conduction band of the semiconductor particle
whereas the dye is converted into its cationic radical. The injected electron can reduce
surface chemisorbed oxidants, usually O,, to yield the oxidizing species like O,”, HO,',
and OH" radicals, which cause photodegradation. Sonolysis further enhances the
degradation rate by increasing the catalytic activity of the semiconductor catalyst. This
could occur through the decrease in size of photocatalyst particles due to the
deaggregation of particles leading to an increase in surface area and catalytic performance
(Shirgaonkar and Pandit, 1998; Theron et al., 1999; Davydov et al., 2001; Lu et al.,
2002).

One of the important parameters studied was the effect of catalyst loading. The
degradation rate increases first, becomes maximum at a catalyst loading of 0.3 gL' and
decreases thereafter. Similar trend is observed in both photocatalysis and
sonophotocatalysis. The reasons for the decrease in degradation rate are (i) aggregation of
TiO, particles at high concentrations causing decrease in the number of surface active
sites and (ii) increase in opacity and light scattering of TiO, particles at high
concentration leading to decrease in the passage of irradiation through the sample.
Ultrasound induces the increased reaction rate due to the production of more number of
photoactive species and due to water splitting leading to the formation of H,O,. Moreover
sonication also leads to deaggregation of the TiO, particles resulting in the increase of

surface area

A decrease in reaction rate with increase in substrate concentration is due to the
fixed amount of the substrate adsorbed on the semiconductor. Simultaneous sonolysis did
not induce any modification in this trend, indicating that under photocatalytic and
sonophotocatalytic conditions, the reaction system exhibits the same dependence on the
amount of dye, which determines water-semiconductor interface phenomena. During the
course of reaction, due to the formation of intermediates, competition starts between the
intermediates and the dye molecules for the surface active sites of TiO, leading to the

decrease in the degradation rate.
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The solution pH is a complex parameter since it is related to the ionization state of
the surface as shown in Eq. 4.1.6 and 4.1.7 as well as to that of reactants and products
such as acids and amines. Three possible mechanisms can contribute to dye degradation-
hydroxyl radical attack, direct oxidation by the positive hole and direct reduction by the
electron in the conduction band, depending on the nature of the substrate and pH. In our
experiments, any changes in the initial degradation rate with varying pH values must be
ascribed to variations of the acid/base properties of the TiO, particle surface. Since the
photo-oxidation of dyes is accompanied by the release of protons (Poulios and
Tsachpinis, 1999), its efficiency may then change because of the reversible protonation of
the TiO, surface. Photocatalytic activity reached a maximum in acidic conditions,
followed by a decrease of r, in the pH range from 7-9. Same trend is seen in both

photocatalytic and sonophotocatalytic conditions.

The effect of pH on the photocatalytic reaction can be largely explained by the
surface charge of TiO, (pzc of TiO, ~ 6.8) and its relation to the acid dissociation
constants of dye. Below pH 6, as pH decreases, a strong adsorption of dye on the TiO,
particles as a result of electrostatic attraction of the positively charged TiO, with the
ionized dye is observed. On the other hand, above pH 6, a decrease in the reaction rate
has been observed reflecting the difficulty of anionic dye in approaching the negatively

charged TiO, surface when increasing the solution pH.

Another important parameter which significantly affects the degradation rate of
RR dye 198 is H,O,. The rate constant increases with the increase in H,O, dosage,
becomes maximum and decreases thereafter. These observations can be explained by the
fact that hydrogen peroxide is suitable for trapping the electrons (Al-Ekabi et al., 1989)
preventing the electron hole recombination and hence increasing the chances of formation

of ‘OH and O, radicals on the surface of the catalyst according to Eq. 4.1.9.

Further at higher concentration of H,O, the rate of degradation decreases, as at
higher concentration it quenches the OH radicals as shown in Egs. 4.1.10 and 4.1.11.

The degradation experiments have been conducted using three different catalysts
and the best results were obtained when ZnO was used as a catalyst. Although ZnO is the

most efficient catalyst but it has the disadvantage of undergoing photocorrosion under
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illumination in acidic conditions. The high photoreactivity of TiO,-P25 as compared to

UV-100 is due to the slow recombination of electron-hole pair and its large surface area.

To confirm that sonophotocatalysis takes place via formation of radicals, the
irradiation experiments are carried out in the presence of various radical scavengers like
DABCO, a singlet oxygen quencher, sodium azide, which is also a quencher of singlet
oxygen but may also interact with OH" and 1,4-Benzoquinone, which is a quencher of
superoxide radical. Significant decrease in the degradation rate in the presence of the
radical scavengers supports the fact that sonophotocatalysis takes place via radical

formation.

Photosensitized degradation of RR dye 198 has been carried out on TiO, where
the dye serves as both a sensitizer and a substrate to be degraded. This is an efficient
system for the degradation of the organic pollutants in wastewater. The RR 198 sensitized
TiO, has been successfully used to degrade phenol in visible light. This extends its

application for the degradation of organic pollutants on industrial scale.
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Chapter 5 (A)

PHOTOCATALYTIC DEGRADATION OF J-ACID UNDER UV
LIGHT

51 Overview

This chapter deals in detail with the photocatalytic degradation of a dye
intermediate J-acid (6-Amino naphthol-3-sulphonic acid) used in chemical industries for
the synthesis of various dyes, using an immersion well type photoreactor under UV light
by varying operational parameters like catalyst loading, pH, initial concentration of the
substrate, addition of electron acceptors like H,O, and ammonium persulphate. The
experiments were also carried under sunlight under optimized conditions using a shallow

pond slurry reactor.

5.1.1 Structure of J-acid

J-acid is 6-Amino naphthol-3-sulfonic acid as shown in Fig. 5.1.1.

OH

0
/
S

/ oH
0

HN

Fig. 5.1.1 Structure of J-acid

It is a strongly absorbing dye intermediate in the UV region with distinct bands
near UV region having prominent peaks at Ap,x = 294 nm and another at Ayax = 354.7 nm
as shown in Fig. 5.1.2. The disappearance of these two bands in a short period suggests
that the aromatic rings are cleaved by photocatalysis under UV irradiation of the J-acid.
The rate of J-acid degradation was quantified by measuring its concentration as a function

of time using Hitachi U-2001 UV-Vis spectrophotometer at Ay.x 354.7 nm.
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Fig. 5.1.2 Absorption spectra of J-acid showing the changes before (curve A) and after
(curve B) irradiation

5.1.2 Adsorption Equilibrium under Dark Conditions

The adsorption tests under dark conditions were carried out in order to evaluate
the adsorption of the dye intermediate on the TiO, surface at different pH and different
initial concentrations and to calculate the equilibrium constants as per the procedure given

in section 3.4.1. No significant adsorption was observed.

5.1.3 Photocatalytic Degradation of J-acid Using Immersion Well Reactor
Photocatalytic degradation of J-acid was studied using an immersion well type
reactor in the laboratory as shown in Fig.3.2 as per the procedure given in section 3.4.2.
Effect of various parameters such as catalyst loading, pH of the solution, addition of
oxidant and effect of initial concentration of the pollutant on the reaction rate constant

was studied.

5.1.4 Kinetics of J-acid disappearance

To study the kinetics of J-acid degradation, photocatalytic degradation of 100 mg
L' solution of J-acid was carried out in the presence of only UV light without any
catalyst, with catalyst in dark and in the presence of catalyst Degussa P25 TiO,. No
observable loss of J-acid took place when the irradiation was carried out in the absence of
TiO, and in presence of catalyst in dark. When irradiation was carried for 100 mg L™
solution of J-acid using 0.3 g L' of the photocatalyst under UV light, the degradation was
98% in 75 min as shown in Fig. 5.1.3.
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Fig. 5.1.3 Photocatalytic degradation of J-acid (A) only UV; (x) only TiO2 (0.3 g L)
(¢) with TiO5 (0.3 g L) and UV light

The first order kinetic model can be used to describe the photocatalytic
degradation of J-acid. The semi logarithmic plot of the concentration data gave a straight

line as shown in Fig. 5.1.4. The rate constant calculated from the plot was 0.0347 min.

25
y =0.0347x
2 1 R?2 = 0.9975
91.5 N
OO
< 11
0.5
0
0 20 40 60 80
Time(min)

Fig. 5.1.4 Kinetics of photodegradation of J-acid; Cy =100 mg L, pH = 5.7,
[TiO,] =0.3gL”’

5.1.5 Mineralization of J-acid

The initial pH of the 100 mg L™ solution of J-acid was 5.7. Slight change in pH
occurred when the photocatalytic degradation of this compound was carried out. The pH
of the solution after degradation was found to be 5.9. The COD of the solution decreased

from 102 mg L™ to 4 mg L' which accounts for 95.8% reduction in 2.30 h.
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5.1.6 Effect of catalyst loading

The variation in the rate of degradation of J-acid solution (100 mg L) was
determined by varying the amount of TiO; in the range of 0.1 to 0.5 g L™ and irradiating
the reaction mixture in the presence of UV light. Fig. 5.1.5 shows that the degradation
rate of J-acid increases with increase in the catalyst loading upto 0.3 g L' and after that it
starts decreasing gradually. The optimum catalyst loading as shown in Table 5.1.11s 0.3 g
L.

0.04
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£~ 0.02 |

0.0 |

0 0.2 0.4 0.6
Catalystloading(g L™

Fig. 5.1.5 Effect of catalyst loading on degradation rate of J-acid

Table 5.1.1 Effect of TiO; loading on the degradation rate during the
photocatalytic oxidation (C, = 100 mg L™, pH =5.7)

[TiO,]gL™ k (mg L™* min™)
0.10 0.0263
0.20 0.0321
0.30 0.0342
0.40 0.0283
0.50 0.0212
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5.1.7 Effect of initial substrate concentration

It is important from application point of view to study the dependence of the
photocatalytic reaction rate on the substrate concentration. The photocatalytic degradation
of J-acid in the presence of 0.3 g L™ of suspended TiO, was examined in the range of 50
mg L™ to 200 mg L™ at pH 5.7 for 2 h. It is observed that the extent of degradation
decreases with increase in initial concentration. Fig. 5.1.6 and Table 5.1.2 show that the
degradation rate constant is proportional to the reciprocal of the initial concentration of J-

acid and follows the Langmuir-Hinshelwood law.

Table 5.1.2 Effect of initial concentration on the degradation rate during the
photocatalytic oxidation (C, = 100 mg L™, pH = 5.7)

Comg L™ k (min™) R?
50 0.0438 0.9914
100 0.0342 0.9975
150 0.0314 0.9930
200 0.0280 0.9955
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Fig. 5.1.6 Rate constant vs reciprocal of initial concentration of J-acid

5.1.8 Effect of initial pH of the solution

The pH of the solution is an important parameter to be studied for the
photocatalysis of the wastewater. It affects the surface charge of TiO, thereby, affecting

the degradation rate of the pollutants as it affects TiO, activity, including the surface
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charge on the particles, the size of the aggregates it forms and the position of the
conductance and valence bands. Hence, varying the pH of the solution affects the rate of
degradation. Results obtained from the experiments by varying the initial pH of J-acid
solution from 2.5 to 10.5 on the degradation rate as a function of reaction pH are
illustrated in Fig.5.1.7. It is observed that the rate of degradation of J-acid increases with
increase in pH from 2.5 to 4.5, beyond which it remains constant up to a pH of 6.5.

Above pH 6.5, in basic medium the degradation rate again decreases.
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Fig. 5.1.7 Effect pH on the degradation rate of J-acid

5.1.9 Effect of Electron acceptors

Since hydroxyl radicals appear to play an important role in photocatalysis,
electron acceptors such as hydrogen peroxide and ammonium persulphate were added
into the solution in order to enhance the formation of hydroxyl radicals by preventing the
recombination of electron hole. The degradation rates for the decomposition of J-acid in
the presence of H,O, by varying the concentration from 1 ml L' to 6 ml L and
ammonium persulphate from 0.05 g L™ to 0.4 g L' is shown in Fig. 5.1.8 and Fig 5.1.9
respectively. It is observed that both the electron acceptors showed a beneficial effect on
the degradation of J-acid under UV light. Optimum H,O, concentration for the effective
degradation of the dye intermediate solution is 4 ml L. On further addition of H,O,, the
rate of degradation of J-acid decreases. On the other hand optimum ammonium
persulphate concentration for the degradation of J-acid is 0.2 g L™ and on further addition

the degradation rate becomes constant.
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Fig. 5.1.8 Effect of H>O; on the degradation rate of J-acid
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Fig. 5.1.9 Effect of ammonium persulphate on the degradation rate of J-acid

5.1.10 Effect of different catalysts

The effect of wvarious -catalysts (TiO,-P25, ZnO and UV-100) on the
photodegradation rate of J-acid is studied and the results are shown in Fig. 5.1.10. TiO,
and ZnO are found to be more efficient than UV-100. The order of activities of the
photocatalysts are ZnO>TiO,-P25>UV-100.
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Fig. 5.1.10 Effect of different catalysts on the degradation rate of J-acid
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5.1.11 Efficiency of the recycled catalyst

The photocatalytic process should be economical so that it is successfully
applicable at the industrial scale and the role of catalyst’s lifetime is an important
parameter which makes the process cost effective. For this reason, the catalyst was
recycled as shown in Fig. 5.1.11 which shows a drop in efficiency from 99 to 52% after
four recycles. After the optimized conditions for the degradation of the J-acid were
determined, the catalyst was recovered by filtration and activated at 100°C and again used
to study its recyclibility. This is likely due to fouling of the catalyst and loss due to

filtration.
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Fig 5.1.11 Recyclibility of the catalyst

5.1.12 Comparison of Photodegradation of J-acid under UV light and Solar
light using Shallow Pond Slurry Reactor

The degradation of this dye intermediate was also studied under sunlight in a
shallow pond slurry reactor at optimum conditions for the degradation of dye intermediate
determined under artificial UV light in the laboratory. The experimental procedure
adopted for the solar degradation is given in section 3.4.3 and the degradation was carried
out at an average sunlight intensity of 30 W m™ in the month of June. Fig. 5.1.12 shows
that the results of degradation under sunlight were comparable with those under UV

irradiation.
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Fig. 5.1.12 Photocatalytic degradation of J-acid in presence of sunlight (m) and under
artificial UV light (A)

5.1.13 Discussion

The photocatalytic degradation of dye intermediate, H-acid under UV irradiation
employing TiO; is reported by Noorjahan et al., 2003. Photocatalysis by TiO, involves
under UV light excitation the generation of ¢ and h” in the conduction and valence band,
respectively. These species undergo charge transfer reactions across the interface with
oxygen, water and organic pollutants adsorbed on TiO, surface. The reaction of h™ with
"OH or H;O leads to the generation of reactive. OH radicals having oxidation potential of
2.8 eV, which are powerful oxidants attacking the recalcitrant organic compounds of
interest (Blake, 1994: Rachel et al., 2002). Change in COD further confirms the

degradation of J-acid leading to decrease in organic content.

Experiments were performed to study the effect of catalyst loading by varying the
amount of TiO, from 0.1 to 0.5 g L. The results show that without catalyst the
degradation of J-acid is insignificant. As the concentration of TiO, increases, the rate of
degradation increases up to certain point and then begins to decrease slowly. The point
beyond which the degradation rate starts decreasing is the optimum catalyst concentration
i.e. concentration at which maximum degradation takes place. This observation can be
explained by the fact that at high TiO, concentration, particles aggregate which reduces
the interfacial area between the reaction solution and the photocatalyst. This way, the
number of active sites on the catalyst surface is decreased. The increase in opacity and
light scattering by the particles may be the other reasons for the decrease in the
degradation rate. These results are in agreement with those reported in literature (Chen

and Ray, 1998; San et al., 2002; Sauer et al., 2002; Saquib and Muneer, 2002).
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It is observed in Table 5.1.2, the rate of degradation of J-acid decreases with the
increase in initial concentration. On the surface of TiO, particles, the reaction occurs
between the reactive "OH and O," radicals and J-acid molecules from the solution. With
the increase in intial concentration, the number of molecules in contact with the TiO,
surface increases and hence the penetration of light on the surface of the catalyst
decreases and the relative amount of reactive oxidizing species on the surface of the
catalyst does not increase, as the intensity and time of illumination remains constant.
However, when the initial concentration is low the transfer rate plays an important role.
Fig. 5.1.6 shows that the degradation rate constant is proportional to the reciprocal of the
initial concentration of J-acid and follows the Langmuir-Hinshelwood equation and the
expression for the rate equation is similar to that derived from the L-H model irrespective
of whether the process is occurring at the surface, in solution or at the interface as is

reported in the literature (San et al., 2002; Chen and Ray, 1998).

The pH of the solution can be one of the most important parameters for the
photocatalytic process and so it was of interest to study its influence on the photo-
oxidation of J-acid. Since photo-oxidation is accompanied by the release of protons, its
efficiency may then change, because of the irreversible protonation of the TiO, surface
(Hoffman et al., 1995). In the present study, it is observed that the rate of degradation of
J-acid increases with increase in pH from 2.5 to 4.5, beyond which it remains constant up
to a pH of 6.5. Above pH 6.5, in basic medium the degradation rate again decreases. The
result can be explained on the basis of the structural changes of J-acid and nature of

surface charges of TiO, with the change in pH.

+
OH 0™ Na

Anionic form
Fig. 5.1.13 Structural changes in J-acid with pH

OH

Cationic form

In acidic media as reported in the literature [Sauer et al., 2002], the surface of
TiO; is positive and J-acid exists in cationic form as shown in Fig. 5.1.13. This surface

charge leads to repulsion thereby, decreasing the surface interactions between the two and
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thus decreasing the rate of degradation. However at pH 4.5 to 6.5, J-acid acquires a partial
anionic form which increases the surface interactions between the photocatalyst and the
dye intermediate leading to maximum degradation rate in this pH range. At pH above 6.5,
TiO, surface becomes negative and J-acid also acquires an anionic form. This leads to

repulsion between the two thereby decreasing the degradation rate at higher pH.

Addition of the various electron acceptors significantly affects the degradation
rate of the organic pollutants. Hydrogen peroxide as reported by Sauer et al., 2002 traps
the electrons by preventing the recombination of electron and hole pairs, and thus
increasing the chances of formation of *OH and O,” ion. Many investigators (Tanaka et
al., 1989; Peterson et al., 1991) have explained the photocatalytic oxidation rate

enhancement in the presence of hydrogen peroxide by the following reactions:

O; Tt HZO 2 — OH (adsorbed/solution) +7 OH + 0 2 (Eq 5.1.1 )
e” + HZO 2 (adsorbed) > .OH (adsorbed/solution) + "OH (Eq 5.1 2)
H,O, + hy A=254nm) — 20H’ (Eq. 5.1.3)

Eq. 5.1.1 and 5.1.2 suggest that the superoxide or conduction band electrons can
initiate radical formation from H,0,. Since H,O, is photosensitive the illumination of
light of wavelength 254nm will also produce OH radicals (Eq. 5.1.3). The rate constant
decreases with high concentration of hydrogen peroxide. The negative effect of H,O, of
higher concentration may be due to the OH radical quenching by the excess hydrogen
peroxide. When hydrogen peroxide concentration is higher the amount of OH radical
formed on the surface of the catalyst increases rapidly and hence the annihilation (OH" +
OH’ — H,0,) rate is much faster than the reaction rate of OH radical and organic
contaminants. Hydroxyl radicals are annihilated before the reaction of OH radical with
organic contaminants. Wang et al., (2000) have reported that H,O, sorbed on the catalyst
surface can effectively scavenge not only the catalyst surface formed OH radical (Eq.
4.1.10 and 4.1.11) but also the photogenerated holes (h'yg) and thus inhibit the major
pathway for heterogeneous generation of OH radicals (Eq. 5.1.4).

H,0,+h'yg — HO,” + H' (Eq. 5.1.4)
The effect of persulphate ion (electron scavenger) on the photocatalytic

degradation of the dye intermediate was investigated by varying the amount from 0.05 to
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0.4 g L'. Ammonium persulphate traps the photogenerated conduction band electrons,
according to Eq. 5.1.5, producing simultaneously the sulphate radical, a very strong
oxidant (standard potential of persulphate reduction, E” = 2.6 V), which can participate in

the degradation process.
S,05” + ¢ — S04 + SO~ (Eq. 5.1.5)

In addition, it can trap the photo-generated electrons and generated hydroxyl radicals as

shown in Eq. 5.1.6 and 5.1.7.

SO, "+ & —— » SO, (Eq. 5.1.6)

SO," + HLO —— SO/ +OH" + H (Eq. 5.1.7)

The production of hydroxyl radical and sulphate radical anion are powerful
oxidizing agents and can degrade the dye intermediate at a faster rate. The sulphate anion
has a unique property of attacking the pollutant molecule at various positions thus leading

to rapid fragmentation and degradation.

The degradation experiments have been conducted using three different catalysts
and the best results are obtained when ZnO was used as a catalyst. Although ZnO is the
most efficient catalyst but it has the disadvantage of undergoing photocorrosion under
illumination in acidic conditions. Zinc oxide is a more efficient catalyst than TiO, in
degradation of J-acid but its use is limited only by pH. The high photoreactivity of TiO,-

P25 as compared to UV-100 is due to the slow recombination of electron-hole pair.

Photocatalytic processes can be made cost effective if the catalyst can be
successfully recovered and recycled. TiO, was recycled efficiently four times with 52%
photoefficiency. The reason for the drop in efficiency of the recycled catalyst is similar to
that reported for RR dye 198 in chapter 4. Further, the studies conducted under sunlight
show that these experiments can be performed successfully in the open atmosphere as the

results under UV and sunlight are quite comparable.

Chapter 5 (B)
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PHOTOCATALYTIC DEGRADATION OF J-ACID UNDER VISIBLE
LIGHT

52 Overview

The work done in this chapter is focused on the influence of dye sensitized TiO,
for the elimination of a dye intermediate J-acid (6-Amino naphthol-3-sulphonic acid).
Effect of catalyst concentration, pH, initial concentration, H,O, and ultrasound on the
photocatalytic degradation of the dye intermediate was studied using immersion well
slurry reactor. The degradation studies in slurry form were investigated using TiO,

Degussa P25, UV 100 and ZnO under visible light illumination.

5.2.1 Photocatalytic Degradation of J-acid Using Immersion well slurry

reactor

In the present chapter, we have dealt with the degradation rate of J-acid under
visible light using sensitized TiO,. The effect of ultrasound is also reported under
optimized conditions. The procedure adopted to study the degradation rate in case of
photocatalysis and sonophotocatalysis is explained in section 3.4.2. Reaction rate constant
(k) 1s a function of parameters such as catalyst loading, pH of the solution, initial
concentration of the substrate and addition of oxidant. Therefore, the effects of these
parameters on the reaction rate constant have been investigated in the laboratory reactor

as shown in Fig.3.2.

5.2.2 Structure and Absorption Spectra of J-acid with sensitized TiO,

Fig. 5.2.1 shows the absorption spectra of J-acid in the presence of Rose Bengal
sensitized TiO,. J-acid shows absorption bands at Ay.x = 294 and Apax = 354.7 nm along
with another band in the visible region at Am.x = 559 nm corresponding to that of Rose
Bengal. The rate of J-acid degradation was quantified by measuring the concentration as a

function of time using Hitachi U-2001 UV-Vis spectrophotometer at A, = 354.7 nm.
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Fig. 5.2.1 Absorption Spectra of J-acid with sensitized TiO,

5.2.3 Kinetics of disappearance of J-acid
Kinetics of disappearance of J-acid was studied for an initial concentration of 50
mg L™ using 0.25 g L™ of sensitized TiO, as shown in Fig. 5.2.2. It is observed that 99%

of degradation of the compound takes place after irradiating for 150 min.
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Fig. 5.2.2 Photocatalytic degradation of J-acid (1) TiO, and visible light;
(=) visible light only,; (A ) TiO; only
The results show that the photocatalytic degradation of J-acid in aqueous TiO;
slurry can be described by the first order kinetic model, In (C,/C) = kt, where ‘C,’ is the
initial concentration and ‘C’ is the concentration at any time‘t’. The semi logarithmic
plots of concentration data gave a straight line as shown in Fig 5.2.3. The correlation
constant for the fitted line was calculated to be R* = 0.9958. The rate constant was

calculated to be 0.0234 min™'. In blank experiments, there was no observable loss of J-
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acid when the irradiation was carried out in the absence of TiO,. In case of non-irradiated

suspension, there was a slight loss due to adsorption on the photocatalyst.
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Fig. 5.2.3 Plot of In (C,/C) vs time for degradation of J-acid using sensitized TiO,

5.2.4 Influence of the amount of TiO, in suspension

To investigate the effect of the amount of catalyst on the percentage degradation,
experiments were performed over Rose Bengal sensitized Degussa P25 TiO, by varying
the catalyst concentration from 0.05 g L™ to 0.35 g L. It was observed that with the
increase in catalyst concentration up to 0.25 g L™ the percent degradation of J-acid
increases, but thereafter, there is a decrease in the degradation rate as shown in Fig. 5.2.4.
Maximum degradation rate is observed with catalyst concentration of 0.25 g L. The
degradation rate is reduced due to the shielding effect of the suspended sensitized TiO;
particles hindering the penetration of light (Noorjahan et al., 2003). All other series of

experiments were carried out using 0.25 g L™ of sensitized TiO,.

0 0.1 0.2 0.3 0.4
Catalyst conc.(g LY

Fig. 5.2.4 Influence of catalyst concentration on degradation rate
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5.2.5 Effect of pH on degradation of J-acid

The pH of the solution significantly affects the activity of TiO, including the
surface charges on the particles and the position of the conductance and valence bands.
Experiments are carried out in the presence of visible light by varying the initial pH range
from 3 to 11. It is observed that as pH of J-acid is decreased from normal pH 5.7 to 3, the
degradation rate decreases but in alkaline medium the degradation rate increases and

becomes maximum at pH 9.
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Fig. 5.2.5 Effect of pH on degradation rate of J-acid

5.2.6 Influence of initial substrate concentration on degradation rate

of J-acid

Photodegradation reactions of J-acid were carried by varying the dye intermediate
concentrations from 10 mg L™ to 50 mg L™ in the presence of 0.25 g L™ of sensitized
TiO, under visible light. The photodegradation rate is observed to decrease with
increasing initial concentration and our results are in accordance with those reported in
the literature (Toor et al., 2006, Chen and Ray, 1998). For initial concentration 10 mg L'l,
the degradation is 99.9% in 30 min. whereas for 50 mg L™ the degradation is 47.3%
during the same time of irradiation. Table 5.2.1 and Fig. 5.2.6 show that the degradation
rate constant is proportional to the reciprocal of the initial concentration of J-acid and

follows the Langmuir-Hinshelwood equation.
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Table 5.2.1 Effect of initial concentration of J-acid on the photodegradation rate

Co(mg L™ k (min™) R?
51.98 0.0232 0.992
40.65 0.0251 0.9893
30.54 0.0311 0.9898
2148 0.0405 0.9806
10.02 0.1062 1
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Fig. 5.2.6 Plot of rate constant vs reciprocal of initial concentration of J-acid

5.2.7 Effect of H,0O, concentration

The addition of powerful oxidizing species such as H;O,, K,S;0g to TiO;
suspension is a well known procedure and in many cases leads to increase in the rate of
photo-oxidation. Some experiments were carried out to elucidate the role of H,O»
concentration on the photodegradation of J-acid in the visible light/H,O,/sensitized TiO,

system. A significant enhancement of degradation efficiency was observed when the
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H,0, concentration was increased from 0 to 1.5 ml L™ as shown in Fig. 5.2.7. Above this

concentration, the rate of photodegradation decreases.

0.07
0.06 |
0.05 |

T 0.04 |

£

= 0.03 ]
0.02 §
0.01 |

0

0 0.5 1 15 2 25
H,0, conc. (ml/l)

Fig. 5.2.7 Effect of addition of H,O; addition on the degradation rate
constant of J-acid

5.2.8 Comparison of degradation efficiency under photocatalytic and

sonophotocatalytic conditions

Under the optimized concentrations of the sensitized catalyst concentration, the
degradation of J-acid was carried out at an initial concentration of 50 mg L™ using
photocatalytic conditions and sonophotocatalytic conditions to study the effect of
ultrasound on the degradation rate as per the procedure given in section 3.4.2. As is
observed from Fig 5.2.9 that 99.9% degradation takes place after 90 minutes in case of
sonophotocatalysis and the degradation is about 87% in the same time under

photocatalytic conditions.

1.2
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Fig. 5.2.8 Concentration versus time profile for the degradation of J acid ( A ) under
photocatalytic and (1) sonophotocatalytic conditions at initial conc. 50 mg L™ and
catalyst conc. 0.25 mg L™
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5.2.9 Mineralization of J-acid

Mineralization of J-acid was studied by studying the initial and final COD before
and after the illumination reactions in visible light in the presence of sensitized TiO,. The
experiments were performed with 50 mg L™ of J-acid under optimized conditions using
0.25 g L™ of the catalyst at a normal pH of 5.7. The COD value decreased from initial

102 mg L™ to 32 mg L™ which indicates a good degree of mineralization.

5.2.10 Discussion

Although TiO, is a very popularly used photocatalyst, it suffers from the lack of
visible light absorption. Photosensitization is widely used to extend the photo-response of
TiO; into the visible region (Cho and Choi, 2001b). Visible light excites the sensitizer
molecules adsorbed on TiO, and subsequently inject electrons to conduction band (CB) of
TiO,. In this case the electron induces the photocatalytic activation via formation of
superoxide radical ion. No positive hole is formed in the valence band. The positive hole
formed in UV light irradiation consumes hydroxyl ion to produce hydroxyl radical, and
the pH of the solution changes (Moon et al., 2003). Results of the present study clearly
show that the photocatalytic degradation of aqueous solution of J-acid with the Rose
Bengal sensitized TiO, in the presence of visible light is successfully achieved. Change in

COD further confirms the degradation of the dye intermediate to a satisfactory level.

One practical problem in using TiO, as a photocatalyst is the undesired
electron/hole recombination, which in the absence of proper electron acceptor or donor, is
extremely efficient and thus represents the major energy-wasting step thus limiting the
achievable quantum yield (Saquib and Muneer, 2003a). One strategy to inhibit electron—
hole pair recombination is to add other (irreversible) electron acceptors to the reaction.
They could have several different effects such as, (1) increase the number of trapped
electrons and, consequently, avoid recombination (2) to generate more radicals and other
oxidizing species (3) to increase the oxidation rate of intermediate compounds and (4) to
avoid problems caused by low oxygen concentration. It is pertinent to mention here that
in highly toxic wastewater where the degradation of organic pollutants is the major
concern, the addition of inorganic ions to enhance the organic degradation rate may often
be justified. In this connection, we have studied the effect of electron acceptors such as

hydrogen peroxide on the photocatalytic degradation of the J-acid.
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It is necessary to determine the minimum amount of catalyst required to degrade
the maximum amount of the dye intermediate at a particular experimental condition. For
this, the experiments were conducted by varying the catalyst concentration from 0.05 g L°
't0 0.35 g L. Fig. 5.2.2 shows that without any catalyst the degradation of J-acid is
insignificant. From Fig. 5.2.4 it is observed that the degradation first increases and then
decreases slowly with the increase in catalyst concentration. Maximum degradation was
obtained at a catalyst concentration of 0.25 g L™". This observation indicates that beyond
this optimum concentration, other factors affect the degradation rate of J-acid. At high
TiO, concentration, particles aggregate which reduces the interfacial area between the
reaction solution and the photocatalyst. This way, the number of active sites on the
catalyst surface is decreased. The increase in opacity and light scattering by the particles

may be the other reasons for the decrease in the degradation rate.

Using Rose Bengal sensitized Degussa P25 as the photocatalyst, the
photomineralization of J-acid in the aqueous suspensions of sensitized TiO, was studied
in the pH range between 3 to 11. The degradation rate for the mineralization of J-acid as a
function of reaction pH is shown in Fig. 5.2.5. These observations can be explained by
the fact that in this case the adsorption is negligible. Since TiO, is sensitized by Rose
Bengal which has number of electron withdrawing groups, the degradation of J-acid
occurs via photo-reduction according to Eq. 5.2.1 rather than by photo-oxidation leading
to the formation of OH radicals which diffuse more rapidly in alkaline medium than in

the acidic medium as reported in the literature (Saquib and Muneer, 2003b).
Dye* + TiO, — Dye* + TiO, (h") (Eq. 5.2.1)

In this case, the photosensitizer (the dye) served as an electron scavenger on the
Ti0, surface, i.e., to produce the positive hole. The degradation of the organic pollutants
could then be mediated by a series of reactions initiated by the hydroxyl radical generated
through the oxidation of water molecule by the positive hole (Eq. 5.2.1). This suggests
that the hydroxyl ion in basic solution acts as a precursor of hydroxyl radical (Epling and

Lin, 2002) which has a very active potential for decomposing organic compounds.

The influence of initial concentration of the dye intermediate solution on the

photocatalytic degradation rate is an important aspect of the study. The effect of initial
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concentration on the photocatalytic degradation of J-acid is shown in Fig. 5.2.6. The

results of all the concentration profiles can be explained by the following equation:
C = C, exp (-kt) (Eq.5.2.2)

The rate constant ‘k’ in the above equation decreased with the increase in initial
concentration of J-acid when other parameters are kept constant. Therefore, the
degradation rate was pseudo first order with respect to concentration within experimental
range. A decrease in reaction rate with increase in substrate concentration is due to the
constancy of the percent amount of substrate interacting on the semiconductor. As the J-
acid concentration increased, the quantity of intermediates formed by the degradation of
J-acid increased as well, competing through side reactions with the parent dye
intermediate decomposition. Fig. 5.2.6 shows that the degradation rate constant is
proportional to the reciprocal of the initial concentration of J-acid and follows the
Langmuir-Hinshelwood law irrespective of whether the process is occurring at the

surface, in solution or at the interface.

The enhanced degradation rate in the presence of H,O, could be rationalized as it
has two functions in the process of photocatalytic degradation (Poulios and Tsachpinis,
1999). It accepts the photogenerated electron from the conduction band and thus
promotes the charge separation Eq. 5.2.3, and it also forms *OH radicals according to Eq.
5.2.4.

H,O, + ¢ — OH™ + 'OH (Eq. 5.2.3)

H,0, + O,” - OH™ + 'OH + O, (Eq. 5.2.4)

When H,0; is in excess, it may act as a hole or ‘OH scavenger or react with TiO, and
form peroxo compounds, which are detrimental to the photocatalytic action.
Sonochemical reaction conditions in environmental remediation processes provide
pollutant destruction either directly via activating thermal decomposition reactions, or
indirectly by the production and/or enhancement of hydroxyl radical yields in advanced
oxidation processes. The high-energy chemistry generated by ultrasound waves in liquid
medium promotes the oxidative destruction of target contaminants. Use of ultrasound as a
catalyst for water and wastewater treatment and solar detoxification for environmental
applications is reported in literature (Ince et al., 2001; Hua and Hoffmann, 1997). This

study reveals the acceleration of the degradation of J-acid by dye sensitized TiO under
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visible light has been achieved by ultrasonication. Mainly ultrasound contributes through
cavitation to the scission of H,O, produced by both photocatalysis and sonolysis. This
increases the amount of reactive radical species inducing oxidation of the substrate and

degradation of intermediates and is mainly responsible for the observed synergy.

Chapter 6
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PHOTOCATALYTIC TREATMENT OF TEXTILE EFFLUENT
UNDER SUNLIGHT

This chapter deals with the photocatalytic degradation as a method for
pretreatment of the effluent from a textile industry containing various dyes and their
intermediates which are non-biodegradable using a shallow pond slurry reactor. The
process was optimized by varying various parameters like catalyst loading, initial pH,
H,0, as an oxidant and A/V ratio. Chemical oxygen demand (COD) changes during the

process were determined.

6.1 Photocatalytic Degradation of Textile Effluent Using Shallow pond

slurry reactor

The photocatalytic degradation of dye effluent obtained from a nearby textile
industry in the presence of sunlight was studied using TiO; as a photocatalyst. Factors
influencing the COD removal were studied in the subjects such as the effect of the pH,
initial concentration, catalyst variation, HO, concentration and A/V ratio. To study the
degradation of the effluent, the procedure given in section 3.4.3 was adopted. Schematic
diagram of laboratory scale set up for shallow pond reactor which was used for the

degradation of the effluent is shown in Fig. 3.3.

6.2  Textile Effluent Characteristics

Raw wastewater was collected from S.R. Industries (Textile Unit), Derra Bassi,
Punjab, India located 80-90 km from Patiala on Zirakpur-Ambala road. Wastewater was
taken from the flow equalization tank and analyzed for its various parameters. The color
of the effluent was violet. The results of the various parameters are shown in Table 6.1.
Thus these parameters show that the wastewater is highly polluted and needs to be

subjected to some pretreatment so as to safely discharge the water.
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Table 6.1 Characteristics of raw textile effluent from S.R. Industries

Parameters Before Treatment (mg L™)
COD 550-650
TS 4100
TSS 256
TDS 3844
BODs/COD 0.2-0.25
pH 10.3

6.3  Absorption Spectra for Raw Effluent

The absorption spectra of the raw sample were taken which showed several peaks
in the UV and visible region as shown in Fig 6.1. This clearly indicates the presence of
several organic chromophoric compounds in the wastewater and degradation studies for
the complete mineralization is needed. This confirms the low biodegradability value

(BODs/COD =0.2) for the effluent.
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Fig. 6.1 Absorption Spectra of Raw Effluent
6.4  Solar Photocatalytic Pretreatment

After characterization of the waste sample, its photocatalytic treatment was done.

Photocatalytic treatment depends upon catalyst concentration, operating pH, oxidant
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addition and dilution factor. Depending upon these factors, optimized reaction conditions

were calculated and used throughout the process.

6.4.1 Sample Preparation
Wastewater collected from the textile industry was highly concentrated and to get
the values within range, the sample was diluted in the ratio of 1:1. Distilled water was

used for all the dilutions. Initial pH of the sample was checked.

6.4.2 Radiation Conditions in Punjab, India during Summers

The solar photocatalytic treatment requires the effective exposure of samples to
sunlight so as to collect solar radiations for treatment of the effluents. In Punjab, during
summers we can have good intensity of sunlight. The amount of UV radiation, which can
be used for TiO, photocatalysis on a summer day (April, May, June) is up to a maximum
of about 30-37 W m™. The variation of solar intensities with time during the experimental

days is shown in Fig. 6.2.

35

30 A

25 A

20 A

15 A

10 1 —e— March-April '04
—&— May '04

5 4

Solar Intensity(W/mZ)

0 T T T T
8.00 10.00 12.00 14.00 16.00 18.00

Time(h)

Fig. 6.2 Intensities of solar radiations during experimental days

6.4.3 Experiments with TiO,

Catalyst (TiO,) concentration was varied from 1.0 g L™ to 7.0 g L during
photocatalytic reactions under sunlight. It was observed that the rate increases with
increase in catalyst concentration and becomes constant above a certain level as shown
Fig. 6.3 and it is seen that the optimum amount of TiO, is found to be 3.0 gL™'. This

concentration of TiO, has been taken for the subsequent experiments for studying the
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effect of oxidant addition and pH of the solution. In Fig. 6.3 it is observed that the COD
continuously decreases from 512 to 80 mg L™ on increasing the catalyst concentration
from 1.0 g L to 7.0 g L. An optimum of catalyst concentration has to be taken when the
decrease in COD level are to be within acceptable limits. Use of higher concentration of

catalyst will increase the cost of the process and decrease the permeability of sunlight.
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Fig. 6.3 Effect of catalyst concentration on the COD reduction,
¢ 0.1% TiO2, m: 0.3% TiO,, A: 0.5% TiO>, x: 0.7% TiO>

6.4.4 Effect of initial pH

The wastewater from the textile industries usually has high pH values (10.3).
Further, the generation of hydroxyl radicals is also a function of pH. Thus, pH plays an
important role both in the characteristics of textile wastes and generation of hydroxyl
radicals. Hence, attempts have been made to study the influence of pH in the degradation

of dye in the pH range of 4.0 — 10.3.
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Fig. 6.4 Effect of pH on the % degradation of the effluent (0.3% catalyst loading)
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In our experiments as shown in Fig 6.4, maximum degradation was observed at
pH 5.5. Other pH values also responded to good degradation rates but the final pH after
photocatalytic treatment which was the deciding factor for determining the optimum pH,
was found to be 7.0. This is important because after photocatalytic treatment, the water
can be subjected to biological treatment where the pH of the wastewater should be

neutral.

Table 6.2 Showing change in pH values of the treated water by photocatalysis

pH before treatment pH after treatment
4.0 1.4
5.5 7.0
7.0 8.5
8.5 8.2
10.3 8.5

It is clear from Table 6.2 that optimum pH should be at 5.5 because maximum
degradation was achieved at this pH and final pH came out to be 7, which was suitable for

the subsequent biological treatment process.

6.4.5 Effect of Oxidant addition

Another important parameter which affects the degradation of wastewater
significantly is concentration of H,O,, therefore it is important to study the effect of H,O,
so as to determine the optimum H,O, concentration for the effective degradation to take
place. From the experiments conducted by varying the hydrogen peroxide concentration
from 0.5 to 3.0 ml L' of the effluent, the best results were obtained when oxidant addition
came out to be 2.0 ml L' of the effluent and have been taken as the optimum amount

required for the maximum degradation of pollutants as is clear from Fig. 6.5.
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Fig. 6.5 Effect of oxidant addition (H>0;) on the COD reduction at 3.0 g L of catalyst
loading, ¢: no H;O,, [1: 0.5ml, A: 1 ml, m: 2ml, x: 3ml

6.4.6 Effluent characteristics after Solar Photocatalytic Pretreatment

During photocatalytic pretreatment, reaction conditions were optimized for getting
the economical benefits of the process. Effluent characteristics were determined after
photocatalytic pretreatment as shown in Table 6.3 under optimized conditions i.e. at TiO,

concentration of 3.0 g L™, 2 ml of oxidant addition and at a pH of 5.

Table 6.3 Characteristics of the wastewater after solar Photocatalytic treatment

ST T After Photocatalytic Treatment
(mg L) (Optimized Conditions)
coD 50-60(after 5h)
BODs/COD 0708
TDS 1742
5 1742
TSS 0
pH 7.0

6.4.7 Color Removal

Color which is mainly due to the azo dyes is usually the first contaminant to be
recognized in wastewater. Color removal from wastewater is often more important than

the removal of soluble colorless organic substances, a major fraction of which contributes
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to the COD and BOD besides disturbing the ecological system of the receiving waters.
Photocatalytic treatment is the most effective method which is used for the color removal

as well as the degradation of the dyes present in the effluent as shown in Fig 6.6.
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Fig. 6.6 Color removal after photocatalytic treatment

6.4.8 Absorption Spectra of Effluent after Photocatalytic Treatment

Fig. 6.7 shows the UV-Vis spectrum of the effluent as a function of time during
photocatalytic degradation. The absorption peaks corresponding to the dyes diminish and
finally disappear during the photocatalytic process indicating the complete degradation of
the dyes. Moreover, no new absorption bands especially those of aromatic species or

other similar intermediates appear in either the visible or ultraviolet regions.
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Fig. 6.7 Absorption spectra of effluent after photocatalytic treatment

6.4.9 Effect of different catalysts

The photocatalytic degradation of the textile effluent was investigated in aqueous

suspensions containing TiO,, ZnO and Hombikat UV 100 as a photocatalyst under
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optimized conditions. As shown in Fig. 6.8 maximum degradation takes place when ZnO

is used as a photocatalyst.
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Fig. 6.8 Effect of different catalysts; m UV 100; = TiO,; o ZnO

6.4.10 Recycling of TiO,

The catalyst’s lifetime is an important parameter of the photocatalytic process, due
to the fact that its use for a longer period of time leads to a significant cost reduction of
the treatment. For this reason, the catalyst was recycled four times as shown in Fig. 6.9.
After the optimized conditions for the degradation of the effluent were determined, the
catalyst was recovered by filtration and activated at 100°C and again used to study its
recyclibility. As shown in Fig. 6.9, TiO, can be recycled effectively which makes the
process cost effective. The process was repeated until reasonable COD reduction upto

54% was achieved after the fourth cycle.
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Fig. 6.9 Recyclization of TiO;
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6.4.11 Effect of A/V ratio of the reactor

The ratio of area to volume (A/V) is critical for the shallow pond reactor as the
photocatalytic oxidation reaction depends on area available for the irradiation of light.
More area and less depth enhance the rate of degradation as the penetration of UV rays
into the solution increases. Hence, the reaction rate increases with increasing aperture to
volume ratio of the shallow pond type reactor as shown in Fig.6.10. As A/V ratio is
increased from 0.45 cm® ml™” to 1.14 cm? ml'l, the COD reduction is increased from 68.7

to 93.7% in 5 h for the textile dye effluent.
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Fig. 6.10 Effect of A/V ratio on COD reduction

6.5  Discussion

The dyeing and finishing industry is the major polluters in the industrial sector
(Arslan et al.,, 2000; Sauer et al., 2002). The current practice in textile mills is to
discharge the wastewater into the local environment without any treatment. Due to the use
of reactive azo dyes, up to 30% of the used dyestuff remains in the spent dye-bath after
the dyeing process (Muruganandham and Swaminathan, 2004b) which is an important
source of environmental contamination. This wastewater causes serious impact on natural
water bodies and land in the surrounding area. High values of COD and BOD, presence
of particulate matter and sediments, oil and grease in the effluent causes depletion of
dissolved oxygen, which has an adverse effect on the marine ecological system. Effluents
from mills also contain chemicals which are dark in color, leading to the turbidity of the
water body which hampers the photosynthesis process, causing alteration in the habitat.
The improper handling of hazardous chemicals in textile water also have some serious

impact on the health and safety of workers putting them into the high-risk bracket for

121



contracting skin diseases like chemical burns, irritation, ulcers, etc. and even leads to

respiratory problems.

Since solar light is an abundant natural energy source, photo-degradation of
pollutants using TiO, with solar light can make it an economically viable process. The
artificial light sources need high electrical power which is costly and hazardous.
Photobleaching of some dyes by solar light irradiation using TiO, as a photocatalyst has

been successfully achieved (Muruganandham and Swaminathan, 2004b).

The chemical oxygen demand (COD) was chosen as the parameter to characterize
effluent from a high volume textile producer. COD is an indication of the overall oxygen
load that a wastewater will impose on an effluent stream. COD is equal to the amount of
dissolved oxygen that a sample will absorb from a hot acidic solution containing

potassium dichromate and mercuric ions.

The amount of catalyst is one of the main parameters for the degradation studies.
It is necessary to find out the optimum loading for efficient removal of the dye in order to
avoid the use of excess catalyst. Several authors have investigated the reaction rate as a
function of catalyst loading in the photocatalytic degradation process (San et al., 2002,
Gouvea at al., 2000, Muneer and Bahnemann, 2002). As is shown in Fig. 6.3, the effect of
catalyst concentration is studied by varying the amount of TiO, from1.0 g L™ to 7.0 g L.

As the concentration of catalyst is increased, the number of photons absorbed and
the number of pollutant molecules absorbed are increased owing to an increase in the
number of TiO, particles. The density of particles in the area of illumination also
increases and so the rate is enhanced. Above a certain level, the substrate available is not
sufficient for adsorption by the increased number of TiO, particles. Hence, the additional
catalyst amount is not involved in the catalytic activity and the rate does not increase with
an increase in the amount of catalyst beyond a certain limit. Surface active sites also
decrease due to aggregation of TiO, particles at high concentrations. This observation is
in agreement with the observations reported in literature (Toor et al., 2006) and an
amount of 3.0 g L™ has been taken for the subsequent experiments for studying the effect

of oxidant addition and pH of the solution.
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The wastewater from textile industries usually has a wide range of pH values.
Generally, pH plays an important role both in the characteristics of textile wastes and
generation of hydroxyl radicals (Neppolian et al., 2002a). Hence, attempts have been
made to study another very important parameter, the influence of pH in the degradation of
the textile effluent at pH values in the range 4.0-10.3. The pH significantly affects TiO,
activity, including the charge on the particles, the size of the aggregates it forms and the
position of the conductance and valence bands. Extensive experimental data has been
published dealing with the effect of pH on photocatalytic degradation of various organic
compounds (Arslan et al., 2000). For charged substrates, a significant dependency of the
photocatalytic degradation efficiency upon the pH value has often been observed, since
the overall surface charge and hence the adsorption properties of TiO, particles depend
strongly on solution pH (Bahnemann et al., 1994). Alkaline pH is favorable for the
degradation of the cationic substrates, while negatively charged particles are effectively
degraded in the acidic media when the photocatalyst surface is positively charged. In fact,
in the degradation of the effluent, it is not the initial pH but it is the final pH which is the
deciding pH, since the wastewater after the photocatalytic pretreatment has to be
subjected to the biological treatment where the pH of the wastewater should be neutral so
that effective biodegradation takes place leading to complete mineralization. As is clear
from the experimental results, the photocatalytic treatment is carried out at an initial pH
of 5.5, the final pH obtained after the degradation is 7.0 which shows that water can

directly be subjected to the biodegradation so that further mineralization can take place.

One possible way to increase the reaction rate would be to increase the
concentration of OH radicals because these species are widely considered to be promoters
of photocatalytic degradation. The addition of hydrogen peroxide to the heterogeneous
system increases the concentration of OH radicals, since it inhibits the electron-hole

recombination according to Eq. 4.1.9.

Hydrogen peroxide is considered to have two functions in the process of
photocatalytic degradation. It accepts a photo generated electron from the conduction
band and thus promotes the charge separation, and also forms OH radical, according to
Eq. 4.1.9. However, at high concentration of H,O,_ it also acts as a scavenger as shown in

the Eqgs. 4.1.10 and 4.1.11.
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Color is another important factor in the textile wastewater which contributes to the
high COD values. The traditional techniques used for color removal are activated carbon
(charcoal), filtration and coagulation. The use of charcoal is technically easy but has high
waste disposal cost. Although filtration potentially provides pure water as the final
product, it is possible for low molar mass dyes to pass through the filter system.
Coagulation using alums, ferric salts or limes is a low cost process, but all these methods
have a major disadvantage of simply transferring the pollutants to another phase rather
than destroying them. Biological treatment is a proven technology and cost effective,
however it has been reported that the majority of dyes are only adsorbed on the sludge
and not degraded. Photocatalytic treatment is the most effective method which is used for
the color removal as well as the degradation of the dyes present in the effluent as shown

in Fig 6.6.

The ratio of BODs/COD in wastewater is normally used to express the
biodegradability of the wastewater. When the ratio of BODs/COD is more than 0.3, the
wastewater has a better biodegradability whereas if the ratio is less than 0.3, the
wastewater is difficult to be biodegraded (Chun and Yizhang, 1999). It is clear from
Table 6.1 and Table 6.3 that the COD value of the effluent decreases significantly thereby
increasing the BODs/COD ratio from 0.2-0.25 to 0.7-0.8. The results clearly suggest that
the textile wastewater which was initially non biodegradable becomes biodegradable after
photocatalytic pretreatment which further helps in the complete mineralization of the

intermediates formed during the photocatalytic process.

Effect of various photocatalysts on the degradation rate of the textile effluent is
studied as shown in Fig. 6.8. TiO,-P25 and ZnO is found to be more efficient as
compared to UV-100. Although ZnO is the most efficient catalyst but it has the
disadvantage of undergoing photo-corrosion under illumination in acidic conditions,
therefore, the degradation studies have been carried out using TiO,-P25 as a
photocatalyst. The degradation process can be carried out under all the pH range varying
from acidic to alkaline conditions. The high photoreactivity of TiO,-P25 as compared to
UV-100 is due to the slow recombination of electron-hole pair and large surface area of

TiO,.
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The ratio of area to volume (A/V) is critical for the shallow pond reactor as the
photocatalytic oxidation reaction depends on area available for the irradiation of light.
More area and less depth enhance the rate of degradation as the penetration of UV rays
into the solution increases. Hence, the reaction rate increases with increasing aperture to
volume ratio of the shallow pond type reactor as shown in Fig. 6.10. Dependence on A/V
ratio for the rate of degradation of 4-chlorophenol in shallow pond reactor has also been

reported by Klausner et al., (1994).

Keeping in mind the economics of photocatalytic process, TiO, was recycled
efficiently four times with 54% photoefficiency. One of the reasons for the decrease in
efficiency of the recycled catalyst is due to deposition of photosensitive hydroxides on the

photocatalysts surface blocking its active sites.
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Chapter 7

CONCLUSIONS AND RECOMMENDATIONS

The photocatalytic degradation of RR dye 198, J-acid and textile effluent using
artifical UV light/visible light/sunlight/sonolysis singly or in combination as radiation
sources has been achieved. The observations of these investigations clearly demonstrate
the importance of choosing the optimum degradation parameters to obtain a high
degradation rate, which is essential for any practical application of photocatalytic
oxidation processes using different photocatalysts like anatase TiO,, dye sensitized TiOs,
ZnO and Hombikat UV-100. Use of shallow pond slurry reactor has the advantage of low

cost and use of existing ponds for biological treatment further facilitates the technology.

Heterogenous photocatalytic oxidation process using UV light and oxygen could
be efficiently applied for the degradation of non-biodegradable azo RR dyel98. It is
observed that adsorption plays a major role in the photodegradation of the the model
compound and the photodegradation kinetics follow the Langmuir-Hinshelwood model.
The results clearly delineate the important role of the selection of the optimum reaction
conditions in achieving the highest level of degradation efficiency for RR dye 198. The
rate of photodegradation under UV light was found to be maximum in the acidic medium
with optimum TiO, concentration of 0.3 g L™ at low dye concentrations with good
recyclization of catalyst. Optimum H,O, concentration for the degradation of RR dye 198
under UV light was found to be 5ml L™, The experiments under sunlight show that higher
photodegradation efficiency can be achieved under the same optimized conditions. Thus,
this can be used as an efficient technology for solar photocatalytic degradation of the
colored wastewater discharged from the textile industry is under Indian climatic

conditions.

This study reveals that further the acceleration of the degradation of RR dye 198
by the process of dye sensitized TiO, under visible light can be achieved by
ultrasonication. Mainly ultrasound contributes through cavitation to the scission of H,O,
produced by both photocatalysis and sonolysis. This increases the amount of reactive
radical species inducing oxidation of the substrate and degradation of intermediates and is
mainly responsible for the observed synergy. The photo-degradation kinetics follows the

Langmuir-Hinshelwood model and depends on the TiO, concentration and pH. Maximum
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degradation was achieved with catalyst loading 0.3 g L™ under acidic conditions at low
initial conc. and 0.5 ml L' H,0, concentration under visible light using
sonophotocatalytic conditions. These results show that a conventional dye can by used as
a photosensitizer of TiO, functioning under visible light which has been demonstrated by
the degradation of phenol. It is also evident that the reaction takes place via formation of
singlet oxygen, superoxide and hydroxyl radicals. This methodology has additional
advantage for harnessing the visible component of the solar energy for the degradation of

organic pollutants in water.

Dye intermediate, J-acid was degraded under UV irradiation using TiO; as
photocatalyst to determine the optimum conditions of catalyst, initial substrate, pH and
electron acceptors so that effective degradation can be achieved. Degradation was
observed to be maximum at 0.3 g L of catalyst loading, 6.5 pH and 0.4 g L of
ammonium persulphate or 4 ml L' of H,0, concentration. The first order kinetic model
can be used to describe the photocatalytic degradation of J-acid. The COD of the solution
decreased from 102 mg L™ to 4 mg L™ which accounts for 95.8% reduction in 2.30 h. The
catalyst was effectively recycled four times. The results of degradation under sunlight

were comparable with those under UV irradiation.

J-acid was also degraded under visible light by using dye sensitized TiO,. The
degradation of J-acid is efficiently carried out in the presence of Rose Bengal sensitized
TiO, using an immersion well type photoreactor. The investigations demonstrate the
possibility of using dye fixed TiO, semiconductor which is inexpensive under optimized
conditions of 0.25 g L™ of catalyst in alkaline medium at low concentration for the
photodetoxification of J-acid. Further enhancement in the rate was observed with the
addition of H,0, and becomes maximum at 1.5 ml L' of dosage of H,O,. This
methodology can further be extended to the solar detoxification where visible light being

the major component facilitates its commercial application.

It has been concluded that this process can be used as an efficient and
environmental friendly technique for effluent treatment of industrial wastewater
containing organic compounds and dyes from textile industry. The textile dye effluent
was successfully degraded by the photocatalytic oxidation process under solar light in a

shallow pond slurry reactor. The decolorization of the effluent, COD reduction by 90%
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and increase in BODs/COD ratio of the effluent to 0.7 after photocatalytic pretreatment
indicates the enhancement of the biodegradability of the treated water. This process can
be coupled with the existing biological treatment process leading to complete
mineralization of organic pollutants. The optimization of the photocatalytic process
shows that the degradation should be carried with 0.3% TiO, at pH 5.5 in the presence of
2 ml L of H,0; to get the best results. This technology will be very useful for countries
like India where for more than 3/4™ time of the year we have bright sunlight, as an
inexpensive source of energy. This work has significant socio-economic importance, and
will improve the quality of environment and adoption at industrial scale by textile

industries.

The methodology adopted in this study demonstrates the efficiency of
photocatalytic treatment as a pre- or post- treatment method to existing biological
treatment method for textile wastewaters containing biorecalcitrant, non-biodegradable
pollutants. Development of this technology is of importance in the Indian context as
sunlight is in abundance and presently the existing technology in textile industry is not
efficient for treating the wastewaters resulting in discharge of colored water into rivers

and public sewage system which is a health hazard.

Future research is needed for the development of more efficient catalysts for
harnessing solar energy which are low cost and effective. Designing of reactors and solar
collectors for photocatalytic treatment needs to be developed so that they can be used by
both small and large scale textile industries in combination with the existing technology
ultimately leading to recycling of water as large amount of water is utilized in textile
industry. Further research to extend sonophotocatalytic technology to the industrial scale
is needed. It can be achieved by fitting transducers on the base of the wastewater tanks in
the industries.

In light of these conclusions the textile industries need to review and incorporate
these measures within their respective H&S and environmental polices which should be

strictly governed.
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	The following chemicals were used for preparing synthetic wastewater: 
	a.  Commercially available Reactive Red dye 198 (RR dye 198) was gifted from a nearby textile industry, Nahar Fabrics, Derabassi, Punjab, India and was used as such without any purification.
	b. J-Acid (6-Amino naphthol-3-sulfonic acid) was purchased from Sigma Aldrich Company, USA. 
	1. Degussa P25 TiO2 was procured from Degussa Company, Germany. It has a BET surface area of 50 ± 15 m2g-1 and is 70% in anatase crystal form with average particle size of 30 nm. 
	2. Hombikat UV 100 TiO2 was procured from Sachtleben Chemie GmbH, Germany. It consists of 100% anatase wih specific BET-surface area of > 250 m2 g-1 and primarily particle size of 5 nm.
	4. ZnO was purchased from Sigma Aldrich Company, USA having its BET-surface area of 5 m2 g-1. 
	3.1.3  Reagents and Chemicals 

	3.4  Experimental Procedures 
	3.7  Biodegradability of Organic Pollutants 
	pH
	Ka (g L-1)
	3.5
	10.55
	4.6
	1.51
	7.0
	1.00
	9.0
	0.50
	4.2.4 Effect of initial substrate concentration
	4.2.7 Effect of various photocatalysts
	4.2.8 Effect of radical quenchers


	4.2.10 Decomposition of phenol by dye-sensitized TiO2 under visible light



	 J-acid is 6-Amino naphthol-3-sulfonic acid as shown in Fig. 5.1.1. 
	6.4.11  Effect of A/V ratio of the reactor 


