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Syunopsis

Organic pollutants are chemical compounds that contain carbon and have an
adverse effect on the environment. The organic pollutants such as dyes, pesticides,
surfactants, phenols etc. are resistant to the environmental degradation. The natural
chemical, biological, and photolytic processes fail to degrade them. These recalcitrant
organic pollutants can accumulate in the environment and do harm to animals and
humans //]. The anaerobic and aerobic biological processes are mostly employed for
the treatment of such organic pollutants. However, these processes are slow and their
treatment efficiencies are not always acceptable for the recalcitrant organic pollutants
[2]. Conventional techniques such as adsorption, precipitation and flocculation, reverse
osmosis, simply concentrates the organic pollutants from the solution phase to solid

phase, which generates secondary wastes.

India with more than one billion population is a growing economy. It is essential
that along with the industrial growth, environment should also be protected to the
extent that it can support life without adverse effects. Water, an elixir of life, is one of
the first victims of the environmental pollution. Use of water purification system in
average Indian home and present quality of many other water resources are indicators
of the poor quality of water for human consumption. To meet the consumption
demands of water of a developing country like India, use of technologies that could
treat and recycle waste water efficiently and economically need to be explored.
Therefore, there is a pressing need to look for technological solutions which could
efficiently and economically mitigate environmental issues related to waste water at

larger scale.
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Not meeting discharge limits, effluents from textile, pharmaceutical and other
industries pollute water. These effluents contain not only dyes, pesticides and drugs but
also several other organic contaminants. Nitroaromatic compounds are important
building blocks for the large scale synthesis of pesticides, pharmaceuticals, plastics, azo
dyes and explosives and pollute directly or indirectly the river and ground water. In the
present study, we have chosen representative water polluting molecules namely (1)
textile dye (Reactive Dye), (2) pharmaceutical drug, Ibuprofen (IBP) and (3) nitro

compound, 4-nitrophenol (4-NP).

Radiation technology is gaining world over recognition as effective method to
degrade varieties of organic pollutants in waste water /3/. Gamma radiation from
isotopic source like Cobalt-60 and electron beam accelerators are generally used. In this
process, energy from these sources is directly and indirectly deposited into the
pollutants to degrade them. The extent of the degradation is affected by irradiation

conditions and dose rate of the radiation source.

The advanced oxidation processes (AOPs), involving generation of hydroxyl
radicals (*OH), are emerging out to be efficient and effective oxidation processes
leading to complete degradation of organic pollutants with minimized productions of
sludge, secondary waste and toxic intermediates. The fenton and photo-fenton
processes [4], photo-catalytic treatment /5/, electrochemical oxidation /6], ultrasonic
treatment /7], combination of ozone and hydrogen peroxide /8] are some of the popular
AOPs. Radiation technology using high energy ionizing radiation is also one of the
promising AOPs, which can effectively degrade organic pollutants in aqueous solution
with least secondary waste. Further, radiation technology can also be applied for the

treatment of coloured and turbid solutions at room temperature.

il



Jhimli Paul Guin Synopsis

In the present study, radiation effects on the aqueous solutions of the above
mentioned organic compounds viz. reactive red 120 (RR-120), IBP and 4-NP have been
investigated by using gamma and electron beam radiation with a primary objective of
understanding their degradation and degradation mechanisms so that the process can be
optimized for its effective utilization on industrial scale. Some AOPs along with
irradiation were evaluated to improve overall efficiency and economics of the process.

The thesis has been divided into four chapters.

Chapter 1: Introduction

This chapter has been divided into three sections.

Section 1: Environmental impact of organic pollutants

This section gives the literature review on the nature and environmental impact of

the organic pollutants and other auxiliary chemicals present in waste water.

Section 2: Advanced Oxidation Processes (AOPs)

This section gives an overview of the AOPs used for the wastewater treatment. A
general introduction of use of radiation technology for the treatment of the waste water
is also briefly discussed in this section. The major advantages and limitations of use of

radiation technology are included in this section.

Section 3: Radiation Chemistry of water

Water plays an important role in degradation of organic pollutants using radiation
technology. Different types of radiation sources and fundamental reactions of radiolysis

of water are discussed in this section.

il
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Chapter 2: Experimental

The instruments and various techniques used in the present study are discussed in
this chapter. It includes the brief principle and descriptions of instruments such as UV-
Vis spectrophotometer, Chemical Oxygen Demand (COD) / Biological Oxygen
Demand (BOD) / Total Organic Carbon (TOC) analyzer, pH meter, Fourier Transform
Infra-Red (FTIR) Spectrophotometer, High Performance Liquid Chromatography
(HPLC), Electron-Spray-lonization (ESI-) and Gas-Chromatography (GC-) mass
spectrometer. Methods and procedures used for gamma radiolysis, pulse radiolysis and

electron beam irradiation are also described in this chapter.

Chapter 3: Decolouration and degradation of Reactive Red-120

The three sections of this chapter describe various results and discussions on
irradiation of RR-120 using gamma radiation, electron beam and other AOPs such as

ozonolysis and photocatalysis.

Section 1: Radiolysis of aqueous solution of Reactive Red - 120 (RR-120)

This section describes results of radiation induced decolouration and
mineralization of the textile dye RR-120 on gamma radiolysis and electron beam
irradiation under varying oxidizing and reducing radiolysis conditions. The mechanism
of observed changes with various oxidizing and reducing radicals are explained by
gamma radiolysis and pulse radiolysis experiments. Various reaction rates of the dye
with these different radicals determined using pulse radiolysis are given. The
bimolecular reaction rate constants were observed to be of the order of 10°-10"°M ™" s,
The results of TOC determined at different doses under aerated and oxygen saturated
solutions of the dye have been given. Similar studies were also carried out using

electron beam irradiation. In addition, the study gives results of biodegradability which

v
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was investigated by monitoring BODs/COD ratio. The biodegradability index of waste
water, BODs/COD ratio was observed to be > 0.3-0.5 indicating enhanced

biodegradability of the irradiated dye solution.

Section 2: Effect of low dose pre-treatment irradiation on the microbial decolouration

and degradation of Reactive Red-120 (RR-120) dye

The section deals with the results and discussions on low dose irradiation of
aqueous solution of RR-120 dye combined with microbiological treatment using
Pseudomonas sp. SUK1 under static incubation. The results indicated that there is an
enhancement of biodegradation of aqueous RR-120, 150 ppm, dye solution irradiated at
0.5 and 1.0 kGy doses. The enhancement of biodegradation is attributed due to the
enhanced enzymatic activity of microorganisms feeding on the fragmented dye
molecules produced on irradiation. The degradation products were studied using HPLC,
FTIR, ESI-MS and GC-MS. The treated dye solution tested on plants revealed that the
combined radiation-microbial treatment of RR-120 did not produce any toxic effects.
The results of this study indicated that combined use of radiation technology and

microbial degradation is more effective and economic.

Section 3: Advanced oxidation process for treatment of simulated textile dye waste

water

The real textile dye effluents not only contain dyes but also several other
chemicals including surfactants, sequestering agent, pH-adjusting acids, inorganic salts
etc. These auxiliary chemicals contribute to about 83% of the organic load and cause a
negative impact to the aquatic lives by decreasing dissolved oxygen concentration in
the water streams. A simulated textile dye waste water (STDWW) was prepared by

mimicking the compositions of the dye bath used in dye industries and exposed to
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different AOPs including radiation technology. This section discusses the results which
indicated that it is better to use H,SO4 instead of acetic acid as a pH-adjusting agent for
meeting stipulated discharge limits of treated waste water. Use of K;,S,03 reduced the
radiation dose requirement and brought the degraded STDWW below discharge limits
of 250 ppm. The comparative results of gamma and electron beam radiolysis in the
presence of K,S,0g with other AOPs viz. photocatalysis and ozonolysis in terms of
oxygen-equivalent chemical-oxidation capacities (OCC) for 28% mineralization of

STDWW were calculated as 0.08, 0.04, 6.29, 9.29 kg equiv. O, m™ respectively.

The pulse radiolysis studies revealed that the favourable reaction of SO4~
(produced by the radiolysis of K,S,0s) with SDBS (the most robust organic component
of STDWW) producing benzyl and hydroxycyclohexadienyl type of radicals enhanced

the extent of mineralization of STDWW during radiolysis in the presence of K,S,0s.
Chapter 4: Degradation of Ibuprofen (IBP) and 4-nitrophenol (4-NP)

The two sections of this chapter describe various results and discussions on

irradiation of IBP and 4-NP by using gamma radiation.
Section 1: The oxidative radiolysis of IBP in presence of K,S,0s

This section describes results of gamma radiolysis of the aqueous solution of IBP,
a model pharmaceutical compound, in the presence and absence of K;S,0g. The extent
of mineralization was investigated by measuring absorbance in the UV-visible spectra,
decrease in the COD and the TOC content of aqueous IBP solution at different doses.
The results indicated that gamma radiolysis, in presence of K;S,0s, required much
lesser radiation dose compared to IBP solutions without K,S,0g for the same extent of
mineralization. Though the presence of K,S,0gz increased the yield of the oxidizing

radicals by a factor of 2.2, degradation was increased by ~5 times. The pulse radiolysis

Vi
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study of IBP solutions was carried out under different radiolytic conditions to
understand the mechanism of mineralization of IBP during gamma radiolysis in the
presence of K,S,0gs. It was found that unlike ‘OH radical, the SO," radical
preferentially produced benzyl type of radicals via formation of benzene radical cation.
The results concluded that the gamma radiolysis in the presence of K,S,0g can be one

of the efficient AOPs for degradation of IBP present in aqueous solutions.
Section 2: Radiolysis of aqueous solution of 4-NP

This section describes the results of gamma radiolysis of aqueous solution of 4-
NP under different radiolytic conditions. The extent of decolouration of N, purged 4-
NP solutions containing tert-butanol at 2 kGy dose was found to be maximum.
Solutions purged with N, alone gave minimum decolouration. The mechanisms of
reactions of 4-NP with different oxidizing (viz. ‘OH, N3°) and reducing radicals (viz.
(CH;3)2C'OH, ¢7,q) were also investigated by pulse radiolysis at pH 5.2 and 9.2. The
results indicated that reaction between 4-NP and ‘OH led to the formation of 7-
complexes, which subsequently decayed by first order process producing semiquinone
radical at pH 5.2. On the other hand, the phenolate anion and the m complex were
produced by the reaction between ‘OH and 4-NP at pH 9.2. The formation of one
electron oxidized species is also confirmed by the reaction between N3’ radical with 4-
NP at pH 5.2 and 9.2. The transient spectra of the reaction between 4-NP and
(CH3),C'OH were similar to the transient spectra of the reaction between 4-NP and € ag-
The reducing nature of the electron adduct of 4-NP was studied by the electron transfer
reaction with methyl viologen (MV?"). The overall studies showed that gamma
irradiation could be an efficient and promising method for the degradation of 4-NP in

aqueous solutions.

Vii
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Summary

The work carried out in this thesis indicates that radiation technology can be
successfully used for degradation of organic pollutants such as RR-120 dye, ibuprofen
and 4-nitrophenol present in waste water. It was observed that process efficiency and
economics can be significantly improved when irradiation is done in combination with
microbial degradation. Use of K,S,05 and H,SO4 was highly beneficial for reducing
radiation dose requirement and achieving the discharge limits of the effluents. The
increased mineralization efficiency of organic pollutants on irradiation was due to
involvement of various transient species formed on irradiation of K;,S,Og and
particularly SO4~ and benzyl type of radicals. Considering all the factors, use of
radiation technology for degradation of organic pollutants can be considered even

better than other AOPs like ozonolysis and photocatalysis.
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1.1.  Environmental impact of organic pollutants

Water, an elixir of life, is one of the first victims of the environmental
pollution. The availability of the fresh water is only 2.7%, even though the surface
of the earth is geographically covered with more than 70% water. The paucity of
fresh water demands the technologies that could treat and recycle water efficiently
and economically. The effluents from textile, pharmaceutical and other industries
lead to extensive water pollution. In addition to dyes, pesticides and drugs, the
industrial effluents also carry several other organic contaminants. The present work
includes representative organic pollutants namely (1) dye (Reactive Red-120), (2)
pharmaceutical drug (Ibuprofen) and (3) nitro compound (4-nitrophenol). The
nitroaromatic compounds are important building blocks for the large scale synthesis
of pesticides, pharmaceuticals, plastics, azo dyes and explosives and thus pollute

directly or indirectly the river and ground water.

1.1.1. Textile dyes and their environmental concern

Synthetic dyes are extensively used in textile dyeing, paper printing, color
photography, pharmaceutical, food and cosmetic industries /[/]/. The textile
industries consume dyes for textile fibers like cotton and polyester. Increase in the
number of the synthetic dyes used by textile industries has created an aquatic
pollution alarm. The textile dyes as well as the dye intermediates with high

aromaticity and low biodegradability have emerged as major aquatic pollutants /2,

3/.

1.1.1.1. Classification of textile dyes

A dye is a water soluble colored substance that has an affinity to the substrate to

which it is being applied. Dyes contain chromophores, which places the electronic
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energy levels of the molecules through a conjugated system of electrons in the visible
wavelength of light. The common chromophores are -C=C-, -C=N-, -C=0,-N=N-, -
NO,, quinoid rings etc. Auxochromes are electron-withdrawing and/or electron-
donating substituents present in the dye molecule. The auxochromes change the
electronic energy levels of the dye, intensifies the colour and sometimes it fixes the dye
molecule on the fiber. Common auxochromes include -NH,, -COOH, -SO3;H and -OH
groups. Each dye is designated by a C.I. (Color Index) generic name constituted from
its method of application, color of the dye and a sequential number. The colourant also
has a corresponding five-digit C.I. constitution number that uniquely identifies its

chemical structure. The C.I. discerns the dyes for different classes of applications /4/.

Acid dye: Acid dyes are anionic compounds which are predominantly applied in
dyeing fibres like wool, polyamide, silk and modified acryl. The acid dyes bind to the
cationic NH; ions of the fiber. Most acid dyes are azo, anthraquinone or
triarylmethane, azine, xanthene, nitro and nitroso compounds. Acid dyes are the largest

class of dyes in the C.I.

Basic dye: Basic dyes are cationic compounds that are used for dyeing acid-group
containing fibres, like modified polyacryl. Most of the basic dyes are diarylmethane,

triarylmethane, anthraquinone or azo compounds.

Metal complex dyes: These dyes form strong complexes with metal atoms
(usually chromium, copper, cobalt or nickel) in 1:1 and 1:2 dye:metal ratio. Metal

complex dyes are usually azo compounds.

Direct dyes: Direct dyes are relatively large molecules with high van der Waals
affinity for cellulose fibers. Direct dyes are mostly azo dyes with multiple azo bonds or

phthalocyanine, stilbene or oxazine compounds.
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Disperse dyes: Disperse dyes are scarcely soluble in water. The penetration of
these dyes into synthetic fibers (cellulose acetate, polyester, polyamide, acryl, etc.)
requires swelling of the fiber, either due to high temperatures (>120 °C) or with the
help of chemical softeners. Disperse dyes are usually small azo or nitro compounds

(yellow to red), anthraquinones (blue and green) or metal complex azo compounds.

Pigment dyes: Pigment dyes (i.e. organic pigments) represent a small fraction of
widely applied insoluble and non-ionic group of colorants. Pigment dyeing is achieved
from a dispersed aqueous solution prepared with the aid of dispersing agents. Most
pigment dyes are azo compounds (yellow, orange, and red), metal complex

phthalocyanines (blue and green) and anthraquinone or quinacridone pigment.

Vat dyes: Vat dyes are water-insoluble dyes that are particularly and widely used
for dyeing cellulose fibers. 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.

Reactive dyes: Reactive dyes are capable of forming a covalent bond between a
carbon atom of dye molecule and -OH-, -NH, or -SH groups in fibers (cotton, wool,
silk, nylon) under alkaline condition during dyeing process. The reactive group is often
a heterocyclic aromatic ring substituted with a chloride atom, e.g. dichlorotriazine. The
mechanism of cotton dyeing by reactive dye is shown in the Figure 1.1. Another
common reactive group is vinyl sulphone. Most of the reactive dyes are azo or metal
complex azo compounds, though anthraquinone and phthalocyanine reactive dyes are

also available. In the C.I., the reactive dyes form the second largest dye class. The



Chapter 1: Introduction Jhimli Paul Guin

estimated world production of synthetic dye is ~10° tons of which azo dyes contributed

70% [5].

X =Cl, NHR, OR O-Celuloss

e T - e o
R %K ‘< _< N_<©<

x

Attached dye to fabric

+Su |-0®

aH
HN—<
D\..IB_HN4<Q v Hydrolysed dye
=
®

Figure 1.1 The mechanism of cotton dyeing by reactive dye.

1.1.1.2. Discharge statistics of reactive dyes and other auxiliary chemicals in textile

waste water

The hydrolysis (i.e. inactivation) of the reactive groups is an undesired side
reaction encountered during the dyeing process with reactive dyes (Figure 1.1). It
lowers the degree of fixation of the dye molecule to the fabrics and thus cannot be
further reused. It is estimated that 10% to 50% of the dye molecules do not react with
the fabric due to the hydrolysis of dye molecule. Therefore, the recovery of dye from
the effluent is not an option for reactive dyes. Therefore, the treatment process should
lead to the final destruction or disposal of the hydrolyzed dyes. The concentration of
water soluble brightly colored reactive azo dyes varies from 10-10000 ppm, depending
on the strength of the dye and process of operation /6, 7/. The synthetic reactive dye is
photolytically and biologically stable. The sulfonated azo dyes inhibit the rate of
biodegradation /8, 9/. Further the higher azo bond energy compared to the solar photon

energy makes the dye photolytically stable. The low BODs/COD ratio of most of the
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dye solution indicates that removal of these dyes would be difficult by conventional

methods such as biological processes /10, 11].

Textile effluents are hazardous to the ecosystem, because of the implementation
of intense colour to water from the bioresistant synthetic dye molecules even at very
low concentrations. Moreover, the auxiliary chemicals (such as surfactants,
sequestering agents, pH-adjusting acids, and inorganic salts) of the dye bath contribute
to about 83% of the organic load of the textile effluent. The heavy organic load of the
textile effluent causes a negative impact to aquatic lives, owing to the decrease in the
dissolved oxygen concentration in the water stream. The chemical oxygen demand
(COD), which is a measure of the organic load, varies in the range of 2900-3000 ppm
in textile effluents. Since this is well above the permissible discharge limit (COD < 250
ppm) set by the Central Pollution Control Board under the Ministry of Environment
and Forest, Government of India, the development of an effective and efficient

treatment process for textile effluents is highly necessary.
1.1.2. Pharmaceuticals and their environmental concern

The substance or combination of substances administered to human or animals
either with a view to restoring or modifying physiological functions is termed as drug
or pharmaceutical. The excretion from human and animal bodies is generally accepted
as the principal source of human pharmaceuticals detected in the aquatic environment.
The domestic waste water contains pain killers, beta-blockers, cholesterol lowering
agent, antibiotics, anastatics, X-ray contrast media and anti-epileptics in concentrations
up to tens of pg L™ which is much lower compared to detected concentrations in the
effluents from pharmaceutical industry and hospitals. Discharges from manufacturing

facilities are not believed to contribute significantly to the overall water pollution.



Chapter 1: Introduction Jhimli Paul Guin

Discharge of active pharmaceutical ingredient via waste stream is generally avoided
since it constitutes a valuable product. A common practice in pharmaceutical industry
is to recover and reuse of the active ingredients. Otherwise, incineration treatment is
applied. Therefore, undistributed or outdated products are unlikely to be a source of
pharmaceuticals detected in the environment //2/. However, patients’ disposals of
unused, outdated or sold over-the-counter pharmaceuticals generally go into the

domestic wastewater or solid waste.

Many variety of drugs are used according to their function or biological activities
e.g. beta blockers, lipid lowering drugs, antibiotic, antifungal, antidiabetic, antiseptics,
antihypertensives antidepressant, antipsychotic, antiphlogistics, analgesics and
nonsteroidal anti-inflammatory drugs, usually abbreviated to NSAIDs. NSAIDs are a
class of drugs that provides analgesic (pain-killing), antipyretic (fever-reducing) and
anti-inflammatory effects and are consumed in significant quantity. These are among
the most prevailing groups of pharmaceutical contaminants //3/. The term nonsteroidal
distinguishes these drugs from steroids, which, among a broad range of other effects,
have a similar anti-inflammatory action. As analgesics, NSAIDs are unusual in that

they are non-narcotic and thus are used as a non-addictive alternative to nacrotics.

Certain NSAIDs, including ibuprofen (IBP), naproxen and aspirin, have become
accepted as relatively safe and are available over-the-counter without prescription /74/.
NSAIDs inhibit the activity of both cyclooxygenase-1 (COX-1) and cyclooxygenase-2
(COX-2), and thereby, the synthesis of prostaglandins and thromboxanes. It is thought
that inhibiting COX leads to the anti-inflammatory, analgesic and antipyretic effects.
However, some implications of long-term effects from IBP on the ecosystem have been
evidenced /15-18]. Firstly, it is a persistent pollutant as it is not completely destroyed

in a municipal water treatment plant. Long solid retention time promotes the adaptation
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of different kinds of slower growing microorganisms that could have a greater capacity
for removing IBP and its removal was only achieved after the growth of specific
bacteria /19, 20]. Secondly, it adversely affects several aquatic plants and fungal
species. Most importantly, it has been reported that IBP present at concentrations of
400-800 uM in drinking water along with other environmental pharmaceuticals might
impede cell proliferation in human embryonic cells //7]. Recently, a study by World
Health Organization (WHO) reported IBP as the leading contaminant among other
pharmaceuticals viz. Erythromycin, Bleomycin etc. present in aquatic environment in

United Kingdom /74].

1.1.3. Nitrocompounds and their environmental concern

The nitro-substituted aromatic compounds are important building blocks for the
large scale synthesis of pesticides, pharmaceuticals, plastics, azo dyes and explosives
and also serve as precursors for the production of amino aromatic derivatives [2/-23].
Therefore, nitro-compounds, especially nitrophenols, are widely used industrial organic
compounds. Among the nitrophenols, o-nitrophenol, 2,4-dinitrophenol and 4-
nitrophenol (4-NP) are listed as priority pollutants by the U.S Environmental Protection
Agency [24, 25]. 4-NP is not only used extensively in manufacturing processes but is
also a major metabolite in the hydrolysis of parathion and methyl parathion, which are
two popular organophosphate pesticides used for agricultural crop protection /26]. The

water soluble 4-NP pollutes rivers, groundwater, pesticide treated soils /25, 27-28].

The majority of nitroaromatic compounds are highly toxic to micro-organisms.
Further, the nitro groups or chloro-substituents reduce the electron density of the
aromatic ring and thus impede electrophilic attack of oxygenases and oxidative

degradation of nitroaromatic compounds /29/. The nitroaromatic compounds are
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transformed by several microorganisms to azo, azoxy- and polymeric compounds,
which are more toxic than the parent compounds /22]. 4-NP is toxic for aquatic life. It
has high oxygen demand, 2.4 mg O, per mg of 4-nitrophenol. It can also combine with
existing chlorine in drinking water producing chlorophenols, which are even more toxic

and difficult to eliminate.

The present work is limited to the studies on three aquatic pollutant molecules
viz. (1) textile dye (Reactive Dye-120), (2) pharmaceutical drug (Ibuprofen) and (3)

nitro-compound (4-nitrophenol).

1.2. Advanced Oxidation Processes (AOPs)

The conventional effluent treatment plants employ physicochemical methods
such as chemical precipitation, coagulation, reverse osmosis, activated carbon etc. /30,
31]. However, these physicochemical treatment processes suffer from the large amount
of secondary sludge generation /32/. From this point of view, microbial treatment is
more eco-friendly, cost-competitive alternative, with few limitations. Firstly, many
synthetic organic pollutants are toxic to the micro-organisms and therefore, the
efficiency of biodegradation depends on the molecular structure of these pollutants /33,
34]. Secondly, the process efficiency of the microbial treatment plant is not very
effective owing to the time span of the biodegradation process. Finally, the aerobic
treatment process is associated with production and disposal of large amounts of
biological sludge, and wastewater treated by anaerobic treatment method does not bring

down the pollution parameters to the satisfactory level.

The advancement of the water treatment processes is focused on the development
of efficient processes for the oxidation of bio-recalcitrant organic compounds.

Advanced oxidation process (AOP) involves in-situ generation of hydroxyl radicals

10
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(‘OH) which can effectively oxidize the organic pollutants. After fluorine [standard
reduction potential (Eo) = 2.889 V vs. Normal Hydrogen Electrode (NHE)], "OH is the
second strongest known oxidant having Ey of 2.72 V vs. NHE. The fenton,
photocatalysis, sonolysis and ozonolysis are well studied AOPs, which showed strong
ability to oxidise organic compounds leading to their decomposition and this limits the
productions of sludge and toxic intermediates. Table 1.1 shows the advantages and
limitations of some of the selected AOPs. Radiolysis using high energy ionizing
radiation is upcoming as one of the promising AOPs for the degradation of varieties
organic pollutants in aqueous solution. Among all the AOPs, radiation technology,

photocatalysis, ozonolysis are used in this work.

1.2.1. Radiation Technology

The radiation chemistry implies the chemical effect of interaction of ionizing
radiation with matter. The ionizing radiation may be either electromagnetic radiations
e.g. X-rays, gamma(y)-rays or particulate radiations, e.g. electrons, beta-particles,
alpha-particles, protons, neutrons and fission fragments having energies 10 eV to
several million eV (MeV). In this work, only high energy y-ray and e-beam radiations
have been used having energy several order magnitude greater than the usual bond

energies capable of causing extensive ionization of the materials.

1.2.2. Photocatalysis

On illuminating the photocatalyst such as TiO, with UV light, the electrons
from the valence bands (VB) are promoted to the conduction bands (CB) generating a
hole in the valence band. The promoted electron in the conduction band reacts with the

dissolved oxygen producing O,"” and HO,®, whereas, the hole generated in the valence

band can react with either with organic molecule or OH™ (Figure 1.2).The reaction of

11
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the hole with OH™ produces *OH radical, which can also oxidize the organic molecule

[45]. The complete photocatalytic cycle is shown in reactions (1.1-1.5):

TiO; + hv (UV) = TiO;(e'cg + h'yg) (1.1)
TiO; (h'vg) + H,O = TiO,+H' + OH (1.2)
TiO; (h'yg) + OH™ = TiO, + ‘OH (1.3)
TiO; (e'cg) + O 2 TiO, + 0" (1.4)
0,"+H" - HO, (1.5)

Photon (hv) Organic
molecule
H,0 + CO, +

W%HO

fragments

Figure 1.2 The mechanism of photocatalytic degradation of organic molecule.

The heterogeneous photocatalyst is used to decompose the aquatic organic
pollutants. Ti0, is photoactive in the UV region (<400 nm) of the electromagnetic
spectrum. In aqueous Ti0, suspension systems, ‘OH is produced from the trapping of
holes (after UV irradiation) at the surface hydroxyl groups. The photogenerated

electrons are scavenged by the dissolved oxygen.
1.2.3. Ozonolysis

Ozone, which itself is a strong oxidant (Ey = 2.07 V vs. NHE), can produce
more powerful oxidant i.e. "OH (Ey = 2.72 V vs. NHE) under alkaline condition (pH

10) through reactions (1.6-1.8) /46].

12
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O;+H,0>2°0H +0,

O;+0OH = 0,” +HO,

O3 + HOZ. > 20, + ‘OH

Chapter 1: Introduction

(1.6)

(1.7)

(1.8)

Table 1.1 Advantages and limitations of AOPs

Treatment RPN .
Method Advantages Limitations references
1. Addition of external reagent
Fe.ntm} Effective degradation of 2. pH in .the agldlc range to get maximum /35, 36]
oxidation oreanic compounds decolouration while textile process wastewaters
Fe(II)/H,0, £ P ' usually have high pH
3. Sludge generation
1. UV catalyzed degradation requires frequent
lamp maintainance, replacement and high power
Effective degradation of demand.
Photchemical | organic compounds; Iron 2. Efficiency decreases due to absorption of UV
oxidation catalyst-associated sludge by coloured effluent (as H,O, has poor UV | /36, 37]
H,0,/UV generation is eliminated; No | absorption) and lesser penetration in waste water
need to keep acidic pH. containing turbidity.
3. Excess H,0, decreases the degradation
reaction due to scavenging action.
1. Relatively high band gap energy of TiO,
(above 3.0 eV for rutile and 3.2 eV for anatase,
corresponding to UV-A radiation) limits only 3-
5% absorption of solar light
2. Using TiO, suspensions needs a post-treatment
Photocatalytic i
oxidation v Effective degradation of separation stage 38 39
organic compounds. 3. Size and shape of TiO, nanoparticles are [38,39]
TiO,/UV .
crucial parameters
4. Requires frequent lamp maintainance,
replacement and high power demand.
5. Efficiency decreases due to lower penetration
efficiency of UV light
Good degradation of 1. O has lower oxidation potential (~2.0 V vs.
organics; Applied in NHE)
Ozone . . .
treatment gaseous state, no alteration | 2. Operating cost and capital cost of ozone | /40, 41]
of volume or no post generation is much higher than other chemical
treatment separation stage. oxidation techniques
Potential method of 1. High electricity consumption
Electr.ochf:ml pollution control, offering 2. Limited life time of the electrode
cal oxidation | high removal efficiency; [42, 43]
Break-down compounds are
non hazardous.
1. Relatively inefficient with respect to the input
. Good degradation of energy [44]
Sonolysis . . .
organics. 2. Energetic cost penalty usually assigned to

sonochemical technology

13




Chapter 1: Introduction Jhimli Paul Guin

1.3. Interaction of High Energy Radiation with Matter

The interaction of the ionizing radiation with matter depends on the nature (i.e.,
energy, particulate mass and charge) of radiation, phase state of the matters and the
atomic number (electron density) of the interacting medium. The following subsections
discuss the mechanisms of interaction of (i) electromagnetic radiation (y-ray) and (ii)

charged particle (electron) with absorbing material /47-49].
1.3.1. Gamma Radiation

Electromagnetic radiation of nuclear origin having energy in the range of 40
keV to 4 MeV is termed as gamma rays (y-rays). Passing through a material it gets

attenuated and followed the Eq. 1.9.
I[=1,e"* (1.9)

Where, I is the incident radiation intensity; x is the thickness of the material through
which radiation has traversed and p is called linear attenuation coefficient. p is the sum
of partial coefficients representing five processes of attenuation viz. (i) photoelectric
effect, (i1) Compton effect, (iii) pair production, (iv) coherent scattering and (V)
photonuclear reactions. Coherent scattering is of importance for low energy photons
(<0.1 MeV) and in high Z materials, whereas photonuclear reactions are possible with
photons of energies in the range of 2 to 8 MeV for low Z materials and in the region of
7-20 MeV for high Z materials. Therefore, first three processes are most important for
gamma radiation emitted by ®*Co source (two photons of energies 1.33 MeV and 1.17
MeV), though the relative importance of each process depends on the atomic number of

the absorbing material.

14
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1.3.1.1. Photoelectric Effect

The photoelectric effect is the main mode of interaction for low energy photon.
During interaction, the photon transfers its entire energy to a bound electron in an atom
and that electron is ejected from the atom. If E, is the energy of the incident photon and
E, is the binding energy of the electron, the kinetic energy of the ejected electron Exg is
expressed as:

Exe=E, - Ep (1.10)

If the photon energy is sufficiently high, the probability of ejection of the most tightly
bound electron of an atom (i.e. electron from the K-shell) is increased. The vacancy
created by loss of an inner orbital electron is filled by an electron from a lower energy
outer orbital with emission of X-rays. These X-rays may also eject another electron
from the same atom (Auger effect). The cross section for the photoelectic interaction is

denoted by t.

1.3.1.2. Compton Scattering

Compton scattering occurs when a photon interacts with a free or loosely bound
electron, so that the electron is accelerated and the photon is deflected with reduced

energy. The energy of the recoil electron (E.) is given by Eq. 1.11:

E.=E,-E, (1.11)

where E, and E, are the energies of the incident and deflected photons. These electrons
cause ionization and excitation in the medium while deflected photon must undergo
further Compton and photoelectric interaction. Compton scattering predominates for
photon energies between 1-5 MeV for high Z materials and over a much wider range of

energies in low Z materials. In water, Compton interaction is the predominant process

15
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for photon energies from 30 keV to 10 MeV. The cross section for compton scattering

is denoted by o.
1.3.1.3. Pair Production

This process is the reverse of electron-positron annihilation phenomenon. It
involves complete absorption of a photon with energy greater than 1.02 MeV (the
energy of equivalent rest mass of electron positron pair) in the vicinity of an atomic
nucleus with production of two particles, ¢! and ¢”. Energy in excess of 1.02 MeV

appears as kinetic energy of the pair (E. and E,)
E,=E.+E, + 2 mg’ (1.12)

Momentum is shared by the recoiling nucleus. While the resulting positron ultimately
combines with an electron releasing two y-rays of energy 0.51 MeV in opposite
direction and the electron interacts with the material as described earlier. From the
energetic of this process, it is obvious that pair production can occur at photon energies

greater than 1.02 MeV (=2 m.c?). The cross section for this reaction is denoted by 7.

Thus, depending on the incident photon energy, the photon gets attenuated. The

total linear attenuation coefficient is given by Eq. 1.13.

p=1+o+y (1.13)

- -1
where, 1, o and y are represented in cm’ .

1.3.2. Electrons

Electron beam is produced by the electron beam accelerator. The most
important processes by which charged particles including electron interact with matter

are: (i) elastic scattering, (ii) inelastic collisions and (iii) emission of electromagnetic

16
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radiation. The relative probability of each process depends mainly upon the energy of

the electron, and to a smaller extent on the nature of the absorbing material.
1.3.2.1. Elastic Collision

The electron gets deflected by the electrostatic field of an atomic nucleus. This
essentially leads to a change in the direction of motion of electron. This is more
probable for electrons with low energy and absorbing material having high atomic

number.
1.3.2.2. Inelastic Collision

Inelastic collision is the most probable interaction of electron with atoms of
absorbing material. The average amount of kinetic energy lost (leading to excitation
and ionization) per unit length by a fast electron through Coulomb interaction with
atomic electrons in a medium is defined as the specific energy loss or stopping power

(Sinerg g') of the medium and S is defined by the Bethe’s equation /50] (Eq. 1.14)

dE 27'N,Z m,vi°E > 5 , 1 T
S=——= In ﬂ2)—(2\/1—ﬂ —1+ )2 +1-p +§(1—\/1—ﬂ )} (1.14)

dx m,vi® 21 (1-

where, e represents the charge of the electron in electrostatic unit and my is the rest
mass of electron in gm, ¢ and v, are the velocities of light in vacuum and the
bombarding electron in cm sec!, Ny is the number of atoms cm™ in the medium, B is

the ratio of v to the velocity of light ¢ in vacuum (and is numerically represented as

_ i_ 2 22
p= \/1 {myc” / (E —mye™); , Z is the atomic number and 1 is the mean excitation
potential of the atoms in the stopping material per cubic cm. For electron of energy E,
the ratio of energy loss by radiation to the loss by collision is given by Eq. 1.15 where

the various terms are mentioned earlier.
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(dE/dl),,  EZ
(dE/dl)

col

2
1600m,_c (1.15)

1.3.2.3. Emission of Bremssstrahlung

High energy electrons passing close to the nucleus of an atom are decelerated
due to their interaction with the electric field of the nucleus and radiate electromagnetic
energy as bremsstrahlung. The rate of bremsstrahlung i.e. the emission of X-radiations
(of energy E) per unit length (L), is proportional to the square of the charge on the
particle (z) and on the nucleus (Z) and the mass (m) of the particle, as represented in
Eq. (1.16)

77
dL m’

(1.16)

Bremsstrahlung formation does not produce any significant changes in the stopping
material unless it interacts subsequently with it. For electrons, bremsstrahlung emission
is negligible below 100 KeV, but it increases rapidly with increasing electron energy,
and it is the dominant mode of energy loss of electron having energy between 10-100

MeV.

1.3.3. Comparative radiolysis on the phase state of matters

The primary interactions of radiation are essentially independent of the phase
state of the matters. However, the nature and yield of the products are often dependent
on the physical state of the matter because of the variations in the density of the
medium and mobility of the primary species and radicals in the different phases. The
solid phase generally has the highest density. Therefore, the diffusion of the primary
radicals in the solid phase is very slow resulting into prompt recombination. The

gamma radiolysis in solid leads to the defects in the crystalline lattice and breaks
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chemical bonds of the organic solids. On the other hand, the gaseous phase has
generally lowest density. Therefore, the primary species produced by the radiolysis
distribute homogeneously though out the gas. The liquid phase generally has the
intermediate density compared to the solid and gaseous phase. Therefore, the nature of

the radiolysis product depends upon the viscosity and dielectric constant of the liquid.

1.3.4. Depth-dose profiles for gamma and electron beam irradiation

The penetration of radiation energy into the absorbing material is represented by
depth-dose curve, in which the relative adsorbed dose at a particular point is plotted as
a function of the distance (depth) of that point from the irradiated face of the sample.
Typical depth dose curves for irradiation of water by (a) gamma radiation and (b)
electron beam irradiation are shown in Figure 1.3, which shows a gradual build up of
adsorbed dose upto a maximum and followed by a decline of adsorbed dose with
increasing the depth. The surface dose of electron beam is much higher compared to
that of gamma radiation. The rate at which the dose increases from the surface to the
maximum 1is therefore less pronounced for electron beams than for photon beams.
Unlike in photon beams, the per cent surface dose for electron beams increases with
electron energy. At lower energies, electrons are scattered more easily and through
larger angles. This causes the dose to build up more rapidly and over a shorter distance.
Scattering and continuous energy loss by electrons is the two processes responsible for
the sharp drop-off in the electron dose at depths beyond the maximum. Bremsstrahlung
produced in the head of the accelerator, in the air between the accelerator window and
the patient, and in the irradiated medium is responsible for the tail in the depth dose

curve [51].

19



Chapter 1: Introduction Jhimli Paul Guin

100

Q
@
[ (a) 3
T 2
£ 2
S 604 Q
o ®
@
> 404 >
8
t c
S [+]
8 (5]
e 20 o
[
$ o
o
0 T T T T T T T T —T T 1 T T T ! T T T T T T T 1
0 5 10 15 20 25 30 0 1 2 3 4 5 6
Depth from the surface (cm) Depth from the surface (cm)

Figure 1.3 Depth dose curves for irradiation of water by (a) Co gamma radiation and

(b) electron beam of (i) 1.8, (ii) 4.7 and (iii) 10.6 MeV energy.
1.3.5. Radiation chemistry of water

The radiation chemistry is employed in this work to degrade the organic
pollutants present in the water. Therefore, it is relevant to briefly discuss the radiation
chemistry of water. The time scale of the events initiated by the absorption of radiation
energy by water molecule can be summarized by Figure 1.4 /52]. The yield of the
radical and molecular species is expressed in terms of G value, where G is the number
of species formed (or destroyed) per 100 eV of the absorbed dose. The SI unit of G
value is mol J', which is equivalent to 9.65x10° molecules (100 eV)"'. Hence, G
values reported originally in terms of number of species per 100 eV can be converted to

SI units by multiplying by 1.036x107".
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Process Time Scale (s)

Radi t&
ddiation H.0

2

105 - 1016
H,0" «—> H,0*+e H,0 (Physical Stage)
| | Ho \
. €, -13 _ 10-14
Hz +0° H30+ +°*0OH q 10 10

H* + *OH (Physicochemical Stage)

Formation of molecular products in spurs and
diffusion of radicals out of spurs

€ H* ; *OH ; H, ; H,0, ; H, 0" 107 (Chemical Stage)
(0.28) (0.62) (0.28) (0.047) (0.073)  (0.28)  G(aspmolJY)
Figure 1.4 Radiolysis products of water in the time scale of 107°- 107s.

The water molecule can be either ionized or excited upon interaction with high

energy y-ray photon from ®’Co or electron generated by an electron accelerator.
H209H20++e' (117)
H,0 > H,0 (1.18)

After ionization of water, the positively charged ions are thought to be energetically

unstable and undergo ion-molecule reaction in 10™* seconds producing *OH radical.
H20+ +H,0 2 H3O+ + *OH (1.19)

Some of the H3;0O" also recombine with ¢ resulting into excited H,O, which can auto

ionize, dissociate or simply revert back to ground state.
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H,0" +¢ > H,0' (1.20)
H,0" > H*+°OH (1.21)
H,0" > H,0" + ¢ (1.22)

The e’ liberated in the ionization has sufficient energy to ionize further H,O molecules.
This leads to the formation of cluster of ions along the track of the ionizing particle

(Figure 1.5).

Spurs Blobs
<100 eV 00-500 eV

Primary
=
Short Tracks
< 5000 eV

Track of secondary electrons

Branck tracks
= 5001 eV

Figure 1.5 Distribution of ions and excited species along the track of fast primary
electron and secondary electron; (®) represents the ions and radicals, (*) represents

the excited species.

Eventually, the energy of liberated e falls below the ionization threshold of water and
then it dissipates rest of its energy by exciting vibrational and rotational modes of the
solvent molecules. Finally, it would be localized in a potential energy well long enough
to become solvated as a result of molecular dipoles rotating under the influence of the
negative charge, and thus get stabilized as hydrated electron (e,q). The electrons are
thermalised in about 10 s. Thus all the primary radicals and ionized species ("OH, H,

€ ags H3O+) resulting from the initial ionization are concentrated in a small volume. This
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small zone of reactive species is known as “spur” (Figure 1.5). Due to the small volume
of the spur, "OH, "H and e’,q exist very close to each other. Therefore, a part of theses
radicals can react with one another to reform water or molecular products i.e. H, and
H,0,, while the remaining radicals can escape into the bulk solution and become
homogeneously distributed throughout the medium. This spur expansion is completed
in about 107s. Thus, in the nanosecond time scale, different processes ultimately
produce charge species e,; & H30"; radicals *OH & *H and molecular products H, &
H,0, [48, 49]. These species are also known as the primary species. The reactions for

the formation of the primary species inside spurs are listed in Table 1.2.

Table 1.2 The reaction of formation of primary species inside spurs.

Reactions k/x10" M!s?!
€ T €q =2 Hy+20H 0.6
€, + OH-> OH 3.0
ey +H;0" > "H+ H,0 23
e +°H > H, + OH 2.5
‘H+'H 2 H, 1.3
‘OH +°*OH - H,0, 0.5
‘OH +°H = H,0 3.2
H;0" + OH = 2H,0 14.3

The yield of the primary species during radiolysis of water depends on the pH of the
solution /47, 53]. The acid base properties of the primary species and also the reaction
of these with H;O" and ‘OH suggest that pH markedly influences the reactions
occurring in irradiated water. Figure 1.6 shows the yield of the primary species as a

function of the pH of the irradiated aqueous solution.

23



Chapter 1: Introduction Jhimli Paul Guin

3 Primary Yield |
3 \

G-value
M
T

Figure 1.6 Effect of pH on the yield of the primary species during water irradiation.

At lower pH than 4, e, is rapidly scavenged by H;O" resulting into H-atom. In
the acidic region, due to high concentration of hydrogen ions, €', are scavenged within
the spurs and tracks, thus the overall radical and molecular product yields in the acidic
region are rather higher than in neutral and basic solutions. In basic region (pH > 11)

"OH radicals and H,O, dissociate to give the oxide ion and a peroxide ion, respectively.
"OH + H,0 <> H;0"+ 0" (pK, = 11.9) (1.23)
H,0,+ H,0 « H;0" + HO,; (pK, = 11.6) (1.24)

The perhydroxyl radical (HO;") is a minor product when pure water is
irradiated, but its yield increases in the presence of air or oxygen. It dissociates

at pH > 4 to produce O, , which is also an oxidizing radical.
HO, + H,0 < H;0™ + O, ; (pK, = 4.8) (1.25)

The e.q is a strong reducing agent (Eg = -2.9 V vs. NHE). The reaction of e,
with an organic molecule of interest can be monitored by using pulse radiolysis

combined with kinetic spectrophotometer because of its intense and well separated
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absorption band at 715 nm /54, 55]. The e,q has sufficiently long half life in water,
since the rate constant (k) of the reaction of e, with water is only 16 M s because

water has no low lying vacant orbital to accept that electron.

H-atom (*H) does not get any importance in neutral and alkaline solution due to
its low G value. However, it is a major reducing radical in acidic media. It is a less
powerful reducing agent than e,q having Eg = -2.3 V vs. NHE. It is a weak acid (Eq.

1.26)
*H+ H,0 < e,y + H;0"; (pKa =9.6) (1.26)

*H can abstract one H-atom from organic molecules producing H, and it can adjoin to
the double bond or to the aromatic ring. *H absorbs at around 200 nm, which is
normally not accessible with the available experimental facilities. Therefore, the
reaction of “H with organic molecule is monitored by competition kinetics method or

from the formation kinetics of the reaction transient.

HO," and its conjugate base, O, (Eq. 1.25) are important secondary radicals
formed in O, saturated aqueous solution according to Egs. 1.27 & 1.28. A comparative
evaluation of the properties of HO," and O,  suggests that O, (Eo = -0.155 V vs.

NHE) is a stronger reducing agent than HO," (Eo=-0.05 V vs. NHE) /56].

‘H+ 0, > HOY (1.27)

€q T 022> 0y (1.28)

‘OH is the main oxidizing radical (Eo = 2.72 V vs. NHE in acidic solution and
Eo = 1.89 V vs. NHE in neutral solution) produced upon water radiolysis /57/. ‘OH has
a weak absorption having absorption maxima (Amax) at 230 nm and molar extinction

coefficient (€)= 530 M™' cm™ at 230 nm /58]. Therefore, it is difficult to determine the
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rate constant of reaction of ‘OH with an organic molecule by following only the decay
of "OH. The rate constant of that reaction is rather measured either by a completion
kinetic method or by pulse radiolysis by following the formation of the transient
product, which has sufficiently high . "OH is less selective than H-atoms for H-
abstraction reaction, because the formation energy of H-OH bond (489 kJ mol™) is 57
kJ mol™” more exothermic compared to the formation energy of H-H bond (432 kJ

mol™). ‘OH has following acid-base reaction (Eq. 1.23).

O" reacts more slowly compared to ‘OH with several inorganic ions. The ‘OH
behaves as an electrophile, while O™ behaves as a nucleophile. Thus, ‘OH can readily

add to m-system; while O™ can not add to n-system.
1.3.6. Radicals of interest during radiolysis of water and their selective generation

Radiolysis of water produces charge species €, , 02", H;O; radicals "OH, °H,
HO," and molecular products H, & H,0,. Therefore, both the oxidizing and reducing
species exist in the irradiated water. To extend the range of pulse and steady-state
radiolysis experiments for chemical applications, it is desirable to modify the reaction
system dominated by either oxidizing or reducing species. This can be achieved by two
ways; (i) inter conversion of the primary species into a single kind of secondary
radicals; and (ii) converting the unwanted primary radicals into relatively un-reactive
secondary radicals. Table 1.3 shows the relevant reactions for predominantly producing

rediolytic species of interest.
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Table 1.3 Relevant reactions for predominantly producing rediolytic species of interest.

Predominant Eq. E
R.adical of Puigi:lltge/gas Reaction ! \% 375_
interest NHE)
*OH N,O g TN;ODNy+ O > OH +°0H | (1.29) |2.72
N;* INEY N3+ *OH > N;* + OH (1.30) | 1.3
CL* NaCl CI'+ *OH = HOCI*" (1.31) | 2.1
HOCI° "+ H" > H,0 + CI (1.32)
Cl'+ CI' = CLL*™ (1.33)
SO4* S,05> €aq + $205° > SO,” + SO~ (1.34) | 2.6
€aq tert- (CH;);COH + "OH = (CH;),C*H,OH + | (1.35) | -2.9
butanol/N, H,O
(CH;),C*OH | (CH;),CHOH |[*OH + (CH;),CHOH -> H,0 +|(1.36)|-1.8
/N,O (CH;),C*OH
*H + (CH;),CHOH - H, + (CH3),C*OH | (1.37)
CO,"™ HCOOONa/ HCOO + *OH (‘H) > CO,* + H,0 (Hy) | (1.38) | -1.9
N>
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The following experimental techniques or procedures were employed during the

course of the study.
2.1. Linear Electron Accelerator (LINAC)
2.1.1. 7 MeV LINAC

A 7 MeV nanosecond LINAC pulse radiolysis technique was used to determine fast
reaction kinetics. A highly short intense pulse of beam current of electrons is given to a
system to achieve a non-equilibrium situation in which significant concentration of
transient species is produced in a short time interval and these transient species are
monitored following the changes in their optical absorption /59/. The LINAC assembly
available at the institution is from M/s Viritech, U.K. (formerly M/s Radiation Dynamics,
U.K.). The essential components of a 7 MeV LINAC are (i) electron gun and (ii) wave
guide. A 2 ps electron pulse of energy 43 keV is generated in electron gun and these
electrons are allowed to enter into the wave guide in a phase synchronous with the radio
frequency (R.F.) field (generated by magnetron). The electrons are accelerated in vacuum
(10" mbar) into the wave guide to the final energy of 7 MeV. The parameters for 7 MeV

LINAC during the experiment are summarized in Table 2.1.

Table 2.1 Specifications of 7MeV LINAC

Electron . Peak current RF Frequency
Pul th
energy ulse Width (ns) (mA) (MH2)
7 MeV 500 90 3000
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2.1.1.1. Kinetic spectrophotometer

The transient behaviour in pulse radiolysis is monitored by the most popular
technique of absorption spectroscopy. The different units of the analyzing set-up consists
of (i) 450 W Xenon arc lamp as the analyzing light source (wavelength range 250-850 nm),
(i1) Optical components like electromechanical shutter (to prevent photodecomposition of
the samples during the passive mode), light filters, lenses and mirrors, monochromator
(with usable range of 180-850 nm with a dispersion of 3 nm mm™) and photomultiplier
detector (with spectral response in the working range of 200-900 nm and rise time of

detection of 75 ns) and (iii) recorder i.e., oscilloscope, computer and printer.
2.1.1.2. Analysis of the recorded signal

The transient signal obtained is plot of signal (mV), which is proportional to intensity
of the absorbed light (L), versus time. These signals are converted into optical density

(0.D.) using Eq. 2.1.
0.D.= log;—: 2.1)

where, I; is the intensity of the light passing to the solution before pulse and I, is the
intensity of the light transmitted to the solution after pulse. After substituting Iy by DC
(mV), which is the difference of the PMT output under identical conditions with and

without the analyzing light and I; by [DC(mV) - Signal(mV)], Eq. 2.1 turns to Eq. 2.2.

_ pe(mv)
0.D.= log ({DC (mv)- Signal (mV)}) (2.2)

To obtain the absorption spectrum of a transient species, the O.D. value is plotted as a

function of the wavelength of the analyzing light at a selected time.
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2.1.1.3. Corrected transient absorption spectra and molar absorptivity

A fraction of the parent molecules is lost in a radiation chemical reaction. The

transient absorption is given by Eq. 2.3

AA = (& - &) C; 1 2.3)

where, AA is observed absorbance, €; and ¢, are the extinction coefficients of the transient
and the parent molecule at a particular wavelength, C; is the concentration of the transient
produced and 1 is the optical path length. When the absorptions due to the parent molecule
and the transient formed overlap, the observed absorbance does not represent the true
characteristics of the transient. Thus, a correction term for the amount of parent molecules

depleted needs to be included in the calculation.

The molar absorptivity of a transient can be estimated as follows. The
concentration of the transient of interest is obtained from the absorbed dose, measured by

thiocyanate dosimetry. Under identical condition, the two absorbances are related by Eq.

2.4,
A 500nm
A sample _ dosimeter
A - 500nm
(G .5) (G .5) .
sample dosimeter (2.4)

In case the parent molecule also has absorption at wavelength A, then Eq. 2.3 is modified

as Eq. 2.5.
A 500nm
y Y Asam le ( 8) i
& =& + p dosimeter
sample parent G A 500nm
sample dosimeter (2 5)
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2.1.1.4. Dosimetry for Pulse Radiolysis

An aerated aqueous solution of 20 mM potassium thiocyanate (KSCN) is used to
measure the absorbed dose per pulse. Amongst the primary radicals produced, “H and e',q
are scavenged by the dissolved oxygen. The *OH oxidizes CNS ions producing (SCN),"

according to Egs. 2.6 & 2.7.
CNS +°*OH - CNS* + OH (2.6)
CNS® + CNS™ = (CNS),™ (2.7)

The G.¢ value for this species is reported to be 2.15x10* M em™ or 2.23x10™* m* J'! with
G =2.9 at 500 nm for 100 eV energy absorbed /60/. From the measured absorbance (A),

the absorbed dose per pulse (D) is computed from Eq. 2.8.

DoANI00

2.8
Ge.1000 2:8)

The above equation is simplified by substituting appropriate numerical values of G, € and
N (Avogadro number), one can get

D =28.A.10% eVem® (2.9)

The absorbed dose in the units of Gy is obtained by multiplying the value of A by a factor
448.6. Generally the maximum dose obtained from a 25 ns pulse is 10 Gy and that for a 2

us pulse is about 120 Gy.
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2.1.2. 2 MeV Linear Electron Accelerator

The pulse linear electron beam accelerator of ILU-6 type is obtained from Budker
Institute of Nuclear Physics, Russia. The accelerator is based on resonator cavity
inductively coupled to a self-excited RF generator (120 MHz) and can be operated up to
energy 2 MeV and average 20 kW power with a repetition rate of 50 Hz /61]. The machine
is designed to deliver an average dose of about 33 kGy s™ at the centre. The machine is
housed in a shielded cell having a labyrinth with separate entry and exit ports where power
roller conveyor system has been installed for the material transport in & out of the
irradiation zone. The electrons are injected in the cavity and accelerated in a single step to
attain the energy of 2 MeV. A vacuum of 107 torr is maintained in the cavity. The output
beam is extracted in to the atmosphere in pulse form with 500 pus and each pulse is scanned

over a length of 100 cm.
2.1.2.1. Dosimetry of electron beam accelerator

Dosimetry was performed using a FWT60 radiochromic film dosimeter calibrated
using graphite calorimeter /62]. ILU- 6 pulse accelerator parameters during the experiment

were as follows:

Table 2.2 Specifications of 2 MeV LINAC

Electron . Average bean
Pulse Repetition Beam power conveyor
energy frequency (Hz) current current (kW) speed (cms™)
(Mev) (mA)
2 50 1.2 20 10
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2.1.3. 10 MeV Linear Electron Accelerator

A 10 MeV RF electron LINAC was also used in the present study. The electron
beam at 50 keV in electron gun with LaBg cathode is injected into the on-axis coupled
cavity LINAC which accelerates the electron to a maximum energy to 10 MeV. Dose rate
was maintained at 10 kGy/pass. 10 MeV accelerator parameters during the experiment

were as follows:

Table 2.3 Specifications of 10 MeV LINAC.

Electron Pulse Average bean
I Beam power | conveyor speed
energy Repetition current current (KW) (cm s'l)
(MeV) frequency (Hz) (mA)
10 300 33 1 1.67

2.2. Cobalt-60 Gamma Source [GC-5000]

y-ray emitting ®*Co radioisotope is produced by irradiating natural cobalt (*’Co) in
the form of pellets or small slugs or thin disks in nuclear reactor by **Co(n,p)*°Co reaction.
It gives uniformly active material which emits 3 particle followed by two y-rays of energy
1.33 MeV and 1.17 MeV. The walls of the metal container filters out 3 radiation emitted
by ®°Co. Gamma irradiation of the samples were carried at room temperature using Gamma
Chambers GC-5000, which were supplied by the Board of Radiation & Isotope
Technology, Mumbai, India. Figure 2.1 shows one of the gamma chambers used for our
studies. The gamma chamber mainly consists of a set of stationary “’Co sources placed in a
cylindrical cage surrounded by a lead shield provided around the source to keep external

radiation field well within the permissible limits. The material for irradiation is placed in
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an irradiation chamber located in the vertical drawer inside the lead flask. The particular

gamma source used in the experiments produces a dose rate of 3 or 2.5 kGy hr".

Stirrer motor

Central drawer

Sample chamber

Extemnal cabinet

Removable Cover

Lead Flask (Biological Shield)
Source cage

Mechanical driving system
Wire Rope

Platform

Figure 2.1 Gamma Chamber 5000.

2.2.1 Dosimetry for %Co Gamma Source

In general, Fricke (ferrous sulfate) dosimeter is used for the dose measurement of
%Co y source /63]. The principle involved is the radiation induced oxidation of ferrous ion

to ferric ion at low pH and in presence of oxygen. The standard dosimetric solution
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contains 1 mM ferrous sulfate, | mM NaCl in 0.4 M H,SO4 (pH 0.46). The solution is

saturated with oxygen. The reactions involved are given in Egs. 2.10-2.16.

eq +H >°H (2.10)
*H+ 0, > HO,' (2.11)
*OH + Fe*" > OH + Fe** (2.12)
HO," + Fe*” > HO, + Fe’* (2.13)
HO, + H" © H,0, (2.14)
H,0, + Fe*" > OH + *OH + Fe'" (2.15)

G(Fe*") =2 G(H,0,) + 3 [G(eag) + G(H) + G(HO,)] + G(COH)  (2.16)

The G(Fe’") is calculated as 15.5 by substituting the G values of the primary radicals.
The spectrophotometric method is mostly used to measure the concentration of ferric ion
formed by comparing the absorbance of the irradiated and non-irradiated dosimeter
solutions at the wavelength at which ferric ion shows maximum absorption (about 304
nm). The optical readings should be taken soon after irradiation so that adventitious
oxidation of the solutions is minimized. The mean absorbed dose (Dp) for the volume

occupied by dosimeter solution is given by Eq. 2.17.

~9.684x10°Adp

) (2.17)
»" AelpG(P)

where, AAp is the change in absorbance of dosimeter solution before and after irradiation.

G(P) is yield (number of molecules per 100 eV) of ferric ions due to irradiation, Ag is
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extinction coefficient (M" cm™) of ferric ions at the measuring wavelength, p is the

density (g cm™) of dosimeter solution, 1 is the path length (cm).
2.3. Chemical Oxygen Demand

The COD test is commonly used to measure the amount oforganic
compounds in water. It is expressed in milligrams of oxygen consumed per liter (mg L™)
of solution. Sometimes, it is also expressed in ppm (parts per million). The organic
compound is fully oxidized to carbon dioxide and water by a strong oxidizing agent under
high temperature. In this method, the solution containing organic compound is digested at
120°C in presence of K,Cr,O7 and H,SO4 in a closed reactor called “thermoreactor” and
then the amount of consumed K,Cr,O7 (which is equivalent to the amount of O, consumed

for the oxidation) is determined by spectrophotometrically (Figure 2.2).

- () = (b)
|

$ii 0O

—al

Figure 2.2 (a) Thermoreactor and (b) spectrophotometer for COD measurement.

11

The amount of equivalent oxygen required for oxidising an organic compound

(CaHaOpN,) to carbon dioxide, ammonia, and water is given by Eq. 2.18.

3 3
CuHaOuN: + (n+ $—2—3c) 0, 5> nCO, + (5-3¢) H20 + cNH; (2.18)
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In the present studies, the COD of the solutions were measured by using Spectroquant®

Pharo 300 COD analyser from M/s. Merck, Germany.
2.4. Total Organic Carbon

Total organic carbon (TOC) represents the amount of carbon bound in an organic
compound. The TOC analysis of a solution has three main steps viz. (i) acidification and
purging with inert gas (removes inorganic carbon), (ii) photocatalytic oxidation of carbon
content to CO, and (iii) detection and quantification of CO, by non-destructive infrared
method. The TOCs of the solutions were measured in this study by using ANATOC II

TOC analyser from SGE Australia (Figure 2.3).

Figure 2.3 Total organic carbon analyser.

2.5. Biological Oxygen Demand (BOD)

Biochemical oxygen demand is the amount of dissolved oxygen needed by aerobic
biological organisms in water to degrade organic molecules present in water at certain
temperature over a specific time period. The BOD value is most commonly expressed in
milligrams of oxygen consumed per litre of sample water during 5 days of incubation at

20 °C. BOD measures the amount of the biodegradable fraction of the organic molecules
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present in the polluted water. BOD was measured by using Eutech DO meter (Cyberscan
DO06000) from M/s. Merck, Germany. The BOD bottles were incubated at 20°C for 5 days
and difference in dissolve oxygen (DO) was used to calculate BODs (APHA1998). The

BOD values are expressed in mg L™ according to Eq. 2.19.

BOD (mg L) = (Dl%s) (2.19)

where, D; and Ds are the initial and final DO of sample dilution (in mg L™"); P is the

decimal volumetric function of sample used.
2.6. UV-Visible spectrophotometer and pH meter

The spectrophotometric measurement was carried out by Hitachi U-2800 UV-Vis

sphectrophotometer. The pH of the solution was measured by using pH meter 600.
2.7. Gas chromatography mass spectrometry

Gas chromatography mass spectrometry (GC-MS) is used for separating and
analyzing compounds that can be vaporized without decomposition. The GC-MS analysis
was carried out by using a Shimadzu 2010 MS, equipped with integrated gas
chromatograph. In GC, the components are separated based on their distribution coefficient
between non polar, nonvolatile liquid stationary phase (100% dimethyl-polysiloxane (60
mm long, 0.25 mm inner diameter)) and gaseous mobile phase (Helium, flow rate: 13 mL
min™). The column is held in an oven that can be programmed to increase the temperature
gradually. As the temperature increases, that compounds which have low boiling points
elute from the column sooner than those that have higher boiling points and show lesser

retention time. Then the components are detected by respective m/z ratio by mass
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spectrometer which consists of an ion source (EI), an analyzer (quadrupole) and a detector
(microchannel plate detector). The injector temperature in the study was kept at 280°C
which was programmed as follows: 80°C kept constant for 2 min, increased up to 200°C
with 10°C min™, and raised up to 280°C with 20°C min" rate. The compounds were

identified on the basis of m/z values by using the NIST library.
2.8. High-performance liquid chromatography

High-performance liquid chromatography (HPLC) is an analytical technique used to
separate and identify the components of a mixture. The reversed phase HPLC experiment
was performed by using Waters (Model 2690). The important components of HPLC are the
solvent delivery system, sample injector, column, detector and data processor. The
preparation of samples for HPLC analysis follows the same procedure as described in for
the FTIR analysis (Section 2.10). The components are separated by the distribution
coefficient between non polar stationary phase (C-18 column (symmetry, 4.6 mm x 250
mm) and polar liquid mobile phase (HPLC grade methanol with an isocratic flow rate 0.50
mL min™). More polar compound will elute earlier due to lesser extent of interaction with
stationary phase and show lesser retention time. The eluted components were detected by

UV detector with a fixed wavelength at 280 nm in the present study.
2.9. Electrospray Ionization Mass Spectrometry (ESI-MS)

In the study electrospray ionization (ESI) technique was used as the ion source in
mass spectrometry (MS) to produce ions. MS is an analytical chemistry technique that
helps to identify the amount and type of ions generated by measuring the mass-to-charge

ratio and abundance of gas-phase ions. MS consists of a time of flight mass analyzer and a
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detector (electron multiplier).A negative ion mode electrospray mass spectrometer with
Quadruple-Time-of-Flight analyzer (model micrOToFQ-II, Bruker Daltonik GmbH) was
used in a part of the present study where aqueous dye solutions were directly infused with
an automatic syringe pump (NEMESYS from cetrol GmbH). A high voltage is applied to
the liquid to create a spray of charged droplets called aerosol. The charged droplets are
migrated under the influence of the potential where a flow of heated nitrogen dries the
droplets and carries away uncharged mobile phase molecules. This process results in the
continuous shrinkage of the droplet size until the repulsive electrostatic forces exceed the
surface tension, leading to droplet explosions as indicated in the inset of the Figure 2.4.
Other parameters for negative mode ESI were: end plate offset: -1000 V; dry heater
temperature: 100 °C; capillary voltage: 3000 V; dry gas flow rate: 4.0 L min™'; nebulizer

gas: 30 kPa and collision energy was kept at 1 eV to avoid heavy in-source fragmentation.

EVAPORATION 'mmmmmmlp  RAYLEIGH — COULOME
LIRATT OSON

Nebulizer
DROPLET neumatically lons
- Anatvte Z ssisted) \

Solvent spra
+ nitrogen gas
(inred) —— — _

End Plate
# / - 3’500 V
G

éOO L I T O I T T © O T I €]

— -
Capillary Heated nitrogen

- 4,000 V drying gas (in red)

Figure 2.4 Schematic of electrospray ionisation system.
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2.10 Fourier transformed infrared spectroscopy

Fourier transformed infrared (FTIR) spectroscopy is an important analysis technique
that detects various characteristic functional groups present in the sample. In this study the
FTIR spectra of radiation, microbiological and combined radiation-microbiological treated
dye solutions were recorded by using Perkin-Elmer 783 Spectrophotometer. In the first set
of samples, the irradiated solutions were evaporated to dryness in rotary evaporator and
employed for FTIR analysis. For the other two sets, after complete decolouration, the
decolourised media was centrifuged at 5000 rpm for 20 min and the metabolites were
extracted from the supernatant by equal volume of ethyl acetate. The extract was dried
over anhydrous Na;SO4 and was evaporated to dryness in rotary evaporator. The crystals
obtained were mixed with anhydrous KBr in the 5:95 weight percentages and pressed into
pellets under high pressure and used for FTIR analysis. The % transmittance of the
samples was measured at different wavenumbers in the range between 400-4000 cm ' by

averaging 16 scans for each spectrum.
2.11. Photocatalytic reactor

The photocatalytic experiments were carried out by using Rayonet Photochemical
Reactor. The light source contains 16 mercury lamps of 8 W power each and emitting in
the near-UV (mainly around 350 nm) having incident radiation intensity (Iy) of 5.0x10"
photons cm™ s™'. The volume and area of the photoreactor chamber are V (250 cm’) and

Acen (32 cm2), respectively.
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2.12. Ozone reactor

Ozone was continuously produced from pure oxygen by UOS04 model ozone
generator and bubbled into the aqueous solution. The ozone generator can produce 4 g h™!
ozone from pure oxygen feed of 2 L min™. The input rate of ozone from the ozone
generator into the aqueous solution was determined as 7.3x10° mol m™ min" by the

standard iodometric method.
2.13. Chemicals and Reagents

Reactive Red 120 (RR-120), 2,2-azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid) (ABTS), sodium dodecylbenzenesulfonate (SDBS), sodium dodecylsulphate (SDS),
potassium persulfate (K,S,05s), tert-butanol (‘Bu-OH) were purchased from Sigma-Aldrich,
India. L-tyrosine, Methyl Red (MR) and microbiological media (such as nutrient broth)
were obtained from Hi-Media Laboratory, India. 2,6-dichlorophenol indophenol (DCIP)
and NADH were purchased from Sisco Research Laboratory, India. All chemicals used
were of the highest purity and were used as such. Millipore water was used for the pulse

radiolysis, COD, TOC, HPLC, GC-MS, ESI-MS measurements.
2.14. Enzyme assay

The activity of laccase, tyrosinase, azoreductase and NADH-DCIP reductase was

studied in the cell free extracts obtained from the test solutions.
2.14.1. Determination of laccase activity

Laccase activity was determined in a 2.0 mL reaction mixture containing 10% ABTS

in 20 mM potassium phosphate buffer (pH 4.0). The reaction was started by adding 0.2 mL
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of enzyme solution and the increase in the optical density was measured at 420 nm /64/.
One unit of enzyme activity was defined as pM of ABTS oxidized min™ mL™" of enzyme.

The molar extinction coefficient of ABTS is 34450 M™! em™ at 420 nm.
2.14.2. Determination of tyrosinase activity

Tyrosinase activity was determined in a 3.0 mL reaction mixture containing 2.5 mL
of sodium acetate buffer (20 mM, pH 4.0) and 100 uM of L-tyrosine. The reaction was
started by adding 0.2 mL of enzyme solution and increase in absorbance was measured at
280 nm /65/. One unit of enzyme activity was defined as a change in absorbance units
min" mL™" of enzyme. Molar extinction coefficient of L-Tyrosine is 1420 M'cm ™ at 280

nm.
2.14.3. Determination of azoreductase activity

Azoreductase assay mixture (2.0 mL) contained 4.45 uM MR, 50 mM potassium
phosphate buffer (pH 7.5) and 0.2 mL of enzyme solution. The reaction was started by
adding 100 uM of NADH and then the absorbance was monitored at 430 nm. The molar
extinction coefficient of MR is 2.34x10* M ¢cm™ at 430 nm [66]. One unit of enzyme

activity was defined as tM of MR reduced min™ mL™" of enzyme.
2.14.4. Determination of NADH-DCIP activity

NADH-DCIP reductase assay mixture (5.0 mL) contained 25 uM DCIP, 50 mM
potassium phosphate buffer (pH 7.5) and 0.2 mL of enzyme solution. The reaction was
started by adding 100 uM of NADH into the assay mixture. The absorbance was measured

at 595 nm. The molar extinction coefficient of DCIP is 1.9x10* M cm™ at 595 nm [67].
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One unit of NADH-DCIP reductase activity was defined as uM of DCIP reduced min™

mL™" of enzyme.

2.15. Method of sample preparation for the toxicity study of the treated dye solution

on plants

The metabolites produced in the test solution were extracted from the supernatant by
equal volume of ethyl acetate and the extract was dried over anhydrous Na,SO4 and was
finally evaporated to dryness in rotary evaporator. The extracted products were dissolved
in sterile distilled water to make a final concentration of 600 ppm. Toxicity study was
carried out by watering the seeds with 10 mL of 600 ppm sample solution. The toxicity of
the original dye solution was studied with 10 mL of 600 ppm dye solution in the same time

interval.
2.16. Micro-organisms and culture conditions

The stock culture of Pseudomonas sp. SUK1 was maintained on nutrient agar slants
which was stored in sealed tubes at 4 °C and sub-cultured monthly to maintain viability.
The pure culture of Pseudomonas sp. SUK1 was grown for 24 h in 250 mL Erlenmeyer
flask containing 100 mL nutrient broth having 10, 5, 2 and 1 g L™ peptone, NaCl, yeast
extract and beef extract, respectively, by using a static temperature controlled incubator at

30 £ 2 °C (which is the optimum growth temperature of Pseudomonas sp. SUK1).
2.17. Microbial treatment

The grown bacterial cells having optical density (OD) 1.0 at 620 nm were inoculated

in 250 mL Erlenmeyer flasks containing 100 mL nutrient broth followed by incubation
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with dye solution at 30 + 2 °C under static condition up to 96 h as show in the Figure 2.5.
Aliquots of 3 mL of the reaction medium were withdrawn at different time intervals and
were centrifuged at 5000 rpm for 15 min. Then the absorbance of the supernatant liquid
was measured at 535 nm, which is the characteristic wavelength of RR-120. The
absorbance was measured in triplicate for each aliquot. The percentage decolouration at

any time was calculated from the initial and final absorbances.

1 KGy

Figure 2.5 Incubated dye solution at 30 £ 2 °C under static condition up to 96 h.
2.18. Preparation of the cell free extract

The grown cells of Pseudomonas sp. SUK1 were centrifuged at 10000 rpm for 20
min. These cells (75 g L") were suspended in 50 mM potassium phosphate buffer (pH 7.4)
and sonicated at 4 °C for 6.5 min. Then the homogenate was centrifuged and supernatant

was used as a source of enzyme for control.
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3.1. Radiolysis of aqueous solution of Reactive Red - 120

Dye is an organic compound that absorbs light in the visible range (i.e., 400 nm
to 700 nm) of the electromagnetic spectrum. The physical colour of the dye is
characterized by the complementary colour of the absorption band. The chromophore
and auxochrome shift the absorption band in the visible region and intensify the colour.
The reactive group helps to bind the dye molecule with the fibers and the sulphonic
acid groups help in the solubility of dye in water. Destruction of the chromophore
group of the dye causes the decolouration of the dye solution, whereas mineralization

happens from the complete oxidation of the dye molecule.
3.1.1. Structure of Reactive Red - 120

The molecular structure of Reactive Red — 120 (RR-120) is shown in Figure 3.1.
RR-120 bears two azo groups as the chromophoric moiety and two chlorotriazine
groups as reactive groups. The hydroxyl groups present in the cellulose fibres forms
covalent bond with RR-120 by the nucleophilic substitution of the chlorine atom of the
chlorotriazine group. The phenyl and naphthol rings provide the extended =-

conjugation through the azo group.

The UV-Visible absorbance spectrum of 40 uM aqueous RR-120 solution at pH
7 is shown in Figure 3.2 (a). The peaks at (1) 235 nm and (2) 293 nm correspond to m-
n transition of the benzene and naphthalene units of RR-120. The small hump (3) at
373 nm represents n- m transition from the nitrogen atoms of the azo group to the
naphthalene ring /68]/. The peaks at (4) 510 nm and (4) 538 nm represent two
energetically closed - transition between the molecular orbitals formed by extended

© conjugation including the benzene ring, azo linkage and naphthol ring /66].
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Figure 3.1 Azo and Hydrazone tautomeric forms of Reactive Red — 120.
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Figure 3.2 UV-Visible spectra of aqueous solution of 40 uM RR-120 at (a) pH 7 and

(b) pH 13.8.
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Upon increasing the pH of the solution to 13.8, the colour of the dye solution
becomes orange, which is also evidenced from the shift of the visible band (4, 4) to
lower wavelength (Figure 3.2(b)). The splitting peak (4 and 4) disappeared and a

single peak appeared at 482 nm.

RR-120 has two tautomers viz. azo and hydrazone (Figure 3.1). The H-atom of
the naphtholic unit (in azo form) is positioned at the f-N of azo linkage in the
hydrazone form. The H-atom on the #-N of the azo group is shared by the oxo group of
the naphthalene ring forming a six member ring in hydrazone tautomer. Therefore, long
extended m-electron conjugation is evidenced in the hydrazone tautomer (Figure
3.2(a)). The tautomeric H-atom of the naphthol unit is abstracted by the HO" ions at pH
13.8. This stops the formation of hydrazone tautomer, which is evidenced from the shift
of the visible band of the spectrum to the lower wavelength (Figure 3.2(b)). The

variation of absorbance with pH was more prominent at 450 and 550 nm.

Figure 3.3 shows the variation of optical density (OD) at 450 and 550 nm of
aqueous solutions of 40 uM RR-120 as a function of pH. Therefore, pK, of RR-120
corresponding to the dissociation of the naphtholic hydrogen was calculated as 12.5
from the point of intersection of the ODs at 450 and 550 nm as a function of pH
(Figure 3.3). The higher pK, value of RR-120 compared to other H-acids (i.e. phenol
etc.) is attributed to the strength of the six member ring formed in the hydrazone

tautomer involving the dissociating H-atom of RR-120.
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Figure 3.3 Variation of OD at 450 and 550 nm of aqueous solution of 40 uM RR-120

as a function of pH.
3.1.2. Radiolysis of RR-120 by Oxidising Radicals
3.1.2.1. Reaction of RR-120 with Hydroxyl Radical (*OH)

Aqueous solution of 40 uM RR-120 solution (at pH 7) was irradiated for different
doses in ®®Co gamma chamber having a dose rate of 3 kGy h™' (measured using Fricke
dosimetry). During the radiolysis of water, hydroxyl radicals (yield of *OH = 0.28
umol I, hydrated electrons (yield of €aq = 0.28 pmol J") and hydrogen atoms (yield
of *H = 0.06 umol J') are the three main reactive inter-mediates produced in the pH
range between 3 and 11. The reaction between *OH and RR-120 was investigated in
N,O saturated solution, because e ,q is converted to *OH by N,O as shown in Egq. 1.29.

Under this reaction condition, the yield of *OH becomes 0.56 pmol J™.

Figure 3.4(a) shows the spectra of N,O saturated 40 pM RR-120 solutions (at
pH 7) (i) before radiolysis and after steady state radiolysis at (ii) 0.5, (iii) 1.0 and (iv)
2.0 kGy. The intensities of the peaks at 235, 293, 510 and 538 nm decreased with

increasing dose. It is attributed to the destruction of the benzene, naphthalene and
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extended m-conjugation of RR-120 by the oxidising *OH radical. Further, the doublet
peaks at 510 and 538 nm merged during radiolysis to a single peak and developed
significant absorption at higher wavelength than 600 nm (It should be noted that RR-
120 has no absorption at A > 600 nm). It suggests a possibility of the formation of more
extended m-conjugated system compared to RR-120 by the addition of *OH to either
benzene or naphthalene ring. However, the overall absorbance of RR-120 significantly

decreased at 2.0 kGy.
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Figure 3.4 (a) Spectra of N>O saturated 40 uM RR-120 solutions (at pH 7) (i) before
radiolysis and after steady state radiolysis at (ii) 0.5 kGy, (iii) 1.0 kGy and (iv) 2.0 kGy.
(b) AOD; and (c) transient absorption as a function of 4 for N,O saturated 95 uM RR-

120 solution (at pH 7) during pulse radiolysis at pulse dose of 0.01 kGy.
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The reaction between the *OH radical and RR-120 was investigated by pulse
radiolysis experiment employing 0.01 kGy/pulse in 95 uM RR-120 solution (at pH 7)
saturated with N,O gas. The change in absorption at any wavelength A (AOD, of AA)
due to the formation of the transient species is shown in Figure 3.4b. The absorption
decreased significantly in the wavelength range 460-570 nm, while this increased at
650 nm and in the region of 340-390 nm. The increase or decrease in AOD, depends on
the values of the molar extinction coefficients of the transient (&) and parent (gp),
respectively (Eq. 2.3). Therefore, for the same concentration of the transient formed,
AOD;, increases when g > ¢, and it decreases when €, > ¢ Thus, the observed spectrum
was corrected for parent absorption by Eg. 2.5 and the corrected absorption spectrum of
the species is given in Figure 3.4c, which shows a doublet peak at 510-540 nm and a
weak band at 660 nm. [69] The transient spectrum shows a peak at 660 nm (Figure

3.4c), where parent dye (RR-120) has no absorption.

The formation signal of the transient species recorded at 660 nm fitted well to
the second order kinetics indicating a bimolecular type of formation of the transient.
The pseudo first order rate constant (k,) for the reaction of *OH with RR-120 was
determined at 660 nm in the presence of different concentrations (50 — 100 uM) of RR-
120. The bimolecular rate constant of *OH with RR-120 was calculated as 7.9x10° M™!

s from the slope of the plot of k, versus concentrations of RR-120.

The addition of *OH to the aromatic ring of RR-120 forms cyclohexadienyl
radicals, which react through disproportionation producing the dye molecule having an
extra OH-group (Figure 3.5) /70]. The regenerated dye molecules having an extra OH-
group should have more extended m-conjugation as compared to the parent dye
molecule and thus it justifies the development of absorption at longer wavelength

beyond 600 nm (Figures 3.4a&c). The addition *OH to triazine ring is a slow reaction
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[71]. 1t should be noted that the decrease in absorbance at 535 nm could not be used to
determine G(-Dye) in N,O saturated solution because of the interference of the

products’ absorption at the same wavelength.
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Figure 3.5 Addition of *OH to the aromatic ring of RR-120 forms cyclohexadienyl
radicals, which react through disproportionation producing the dye molecule having

an extra OH-group. R represents the residual part of RR-120.
3.1.2.2. Reaction of RR-120 with Azide Radical (N;°)

Aqueous solution of 40 uM RR-120 solution (at pH 7) containing 20 mM NaNj3
and saturated with NoO was irradiated for different doses in “’Co gamma chamber
having a dose rate of 2.5 kGy h™' (measured using Fricke dosimetry). N,O converts € aq
to *OH, which in turn converts N3 to N3°* as shown in Egs. 1.29 & 1.30. Figure 3.6(a)
shows the spectra of N,O saturated 40 uM RR-120 solutions (at pH 7) containing 20
mM NaNj (i) before radiolysis and after steady state radiolysis at (ii) 0.5, (iii) 1.0 and
(iv) 2.0 kGy. The intensities of the peaks at 235, 293, 510 and 538 nm decreased with
increasing dose. It is attributed to the destruction of the benzene, naphthalene and

extended m-conjugation of RR-120 by the oxidising N3* radical. In contrast to the
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reaction of RR-120 with *OH, no absorbance was developed at A > 600 nm during the

radiolysis of RR-120 by N;* (Figure 3.6a).
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Figure 3.6 (a) Spectra of N>O saturated 40 uM RR-120 solutions (at pH 7) containing

20 mM NaN; (i) before radiolysis and after steady state radiolysis at (ii) 0.5 kGy, (iii)

1.0 kGy and (iv) 2.0 kGy. (b) 40D, and (c) transient absorption as a function of 4 for

N>O saturated 100 uM RR-120 solution (at pH 7) containing 20 mM NaN; during pulse

radiolysis at pulse dose of 0.01 kGy.

The reaction between the N;° radical and RR-120 was investigated by pulse

radiolysis experiment employing 0.01 kGy/pulse in N,O saturated 100 uM RR-120

solution (at pH 7) containing 20 mM NaNs. The AOD,, for the reaction between RR-
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120 and N3° increased at 400 nm and 570 nm (Figure 3.6b)). The observed spectrum
was corrected for parent absorption by Eg. 2.5 and the corrected absorption spectrum of
the species is given in Figure 3.6¢, which shows a broad peak at 510-540 nm and a
band at 395 nm. N;° radical causes one electron oxidation of RR-120 and the products
formed in the reaction of RR-120 with N3° radical differs from the products formed in
the reaction of RR-120 with *OH radical (Figures 3.4c & 3.6¢). Hence the mechanisms

of the reaction of *OH and N;°® radical with RR-120 are different.

It is to be noted that the transient shows little absorption at A > 600 nm.
Therefore, k,, for the reaction of N3* with RR-120 was determined from the formation
signal of the transient species at 620 nm in the presence of different concentrations (50
— 100 uM) of RR-120. The bimolecular rate constant of N3° with RR-120 was
calculated as 1.1x10° M s from the slope of the plot of k, versus concentrations of
RR-120. The decay kinetics of the transient species was studied at 610 nm, where
contribution of parent absorption was absent. It was observed that the transient decays

through first order reaction with a rate constant of 3.6x10° s™".
3.1.2.3. Reaction of RR-120 with Chlorine Radical (CL,*)

Aqueous solution of 40 uM RR-120 solution (at pH 1) containing 50 mM NaCl
and saturated with O, was irradiated for different doses in ®®Co gamma chamber having
a dose rate of 2.5 kGy h' (measured using Fricke dosimetry). *OH converts CI" to Cl,*"
by the reactions shown in Egs. 1.31-1.33. Figure 3.7(a) shows the spectra of O,
saturated 40 pM RR-120 solutions (at pH 1) containing 50 mM NaCl (i) before
radiolysis and after steady state radiolysis at (ii) 0.5, (iii) 1.0 and (iv) 2.0 kGy. The
intensities of the peaks at 235, 293, 510 and 538 nm decreased with increasing dose.

However, a small build up of absorbance with increasing dose was observed at 420 nm.
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Therefore, the benzene, naphthalene and extended m-conjugation of RR-120 are

destroyed by Cl,* during radiolysis resulting into smaller molecular fragments.
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Figure 3.7 (a) Spectra of O; saturated 40 uM RR-120 solutions (at pH 1) containing 50
mM NaCl (i) before radiolysis and after steady state radiolysis at (ii) 0.5 kGy, (iii) 1.0
kGy and (iv) 2.0 kGy. (b) AOD; and (c) transient absorption as a function of A for O;
saturated 100 uM RR-120 solution (at pH 1) containing 50 mM NaCl during pulse

radiolysis at pulse dose of 0.01 kGYy.

The reaction between the Cl,*" radical and RR-120 was investigated by pulse
radiolysis experiment employing 0.01 kGy/pulse in O, saturated 100 uM RR-120

solution (at pH 1) containing 50 mM NaCl. The AOD,, for the reaction between RR-120
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and Cl,* increased in the range 340-390 and at 590 nm (Figure 3.7b). The observed
spectrum was corrected for parent absorption (at pH 1) by Egq. 2.5 and the corrected
absorption spectrum of the species is given in Figure 3.7c, which shows a broad peak at
510-540 nm and a band at 385 nm. The transient shows sufficient absorption at A > 600
nm. The k, for the reaction between CL* and RR-120 was determined from the
formation signal of the transient species at 610 nm in the presence of different
concentrations of RR-120. The bimolecular rate constant of the oxidation of RR-120 by
CL* radicals was calculated as 1.0x10° M s™'. Figure 3.8 shows the spectra of the
transients produced at pH 1 from the reaction of RR-120 with (i) Cl,*" and (ii) *OH. It
is evidenced that different transients are produced from these two reactions. Cl,*
radical causes one electron oxidation of RR-120 producing semi-oxidised species,
which subsequently got fragmented. The transient produced by the reaction of RR-120
with Cl,*" transient decays (monitored at 610 nm) through first order reaction with a

rate constant of 4.8x10° s,
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Figure 3.8 Transient absorption as a function of A for (i) O, saturated 100 uM RR-120
solution (at pH 1) containing 50 mM NaCl and (ii) N,O saturated 100 uM RR-120

solution (at pH 1). Pulse dose = 0.01 kGy.
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The %decolouration (at 538 nm) of RR-120 for steady state gamma radiolysis
in presence of (i) *OH (at pH 7), (ii) *OH (at pH 1), (iii) N3* (at pH 7) and (iv) CL,*" (at

pH 1) was calculated by Eq. 3.1.

% decolouration = @ x 100 (3.1)
0

where, Ay and Ap are the absorbance measured at 538 nm for unirradiated solution and
irradiated solution with dose D, respectively. Figure 3.9 shows the extent of
%decolouration of RR-120 during gamma radiolysis in presence of (i) *OH (at pH 7),

(ii) *OH (at pH 1), (iii) N5* (at pH 7) and (iv) Cl," (at pH 1).
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Figure 3.9 %decolouration of RR-120 during gamma radiolysis in presence of (i) *OH

(at pH 7), (ii) *OH (at pH 1), (iii) N;° (at pH 7) and (iv) CL,* (at pH 1).

The %decoloration efficiency of N;* was found to be highest among the
studied oxidising radicals. The G value of *OH (0.28 umol J™') and C1,* (0.28 pmol J™)
at pH 1 is lower than that of *OH (0.58 pmol J') at pH 7. However, no appreciable
difference was observed in the %decolouration efficiency of (i) *OH (at pH 7), (ii) *OH

(at pH 1) and (iv) CL,* (at pH 1).
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3.1.3. Radiolysis of RR-120 by Reducing Radicals
3.1.3.1. Reaction of RR-120 with Hydrated Electron (eu,)

Aqueous solution of 40 pM RR-120 solution (at pH 7) containing 0.2 M tert-
butanol (‘Bu-OH) and saturated with N, was irradiated for different doses in “°Co
gamma chamber having a dose rate of 3 kGy h™ (measured using Fricke dosimetry).
The dissolved oxygen is removed from the solution by purging with N, gas and '‘Bu-OH
converts “OH to lesser reactive radical *CH,(CH3),COH by reaction shown Eq. 1.35.

Under this reaction condition, the yield of e,y becomes 0.28 pmol J 1

Figure 3.10a shows the spectra of N, saturated 40 uM RR-120 solutions (at
pH 7) containing 0.2 M ‘Bu-OH (i) before radiolysis and after steady state radiolysis at
(i1) 0.05, (iii) 0.2 and (iv) 0.33 kGy. The intensities of the peaks at 235 and 293 nm did
not appreciably change with increasing dose. Therefore the benzene and naphthalene
units of RR-120 did not change during the radiolysis by e,q. However, the intensities of
the peaks at 510 and 538 nm decreased rapidly with increasing dose. The absorption of
the doublet peak decreases with the dose, but any change in the overall shape of the
absorption spectra is rarely observed. Further, a build up of absorbance was observed at
wavelength ~ 400 nm during the radiolysis by e, . It is attributed to the reductive
cleavage of the azo group by e, resulting into destruction of the extended -
conjugation of RR-120 (Figure 3.11). The amines produced by the reductive cleavage
of azo bond shows n-m transition at ~400 nm. The dye solution completely

decolourized at 0.33 kGy.

G (-Dye) was estimated by following the decrease in absorbance of N,
saturated 40 uM RR-120 solutions (at pH 7) containing 0.2 M ‘Bu-OH at 535 nm with

the increase in dose (inset of Figure 3.10a). G (-Dye) was calculated as 0.14 umol J!
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using an extinction coefficient value of RR-120 as 35110 M™' cm™. Therefore, G (-Dye)
is just half of the yield of e,y (0.28 pmol I up to 0.15 kGy dose. Hence, RR-120
undergoes a two- electron reduction process producing secondary amine having
characteristic absorption at ~ 400 nm (Step I of Figure 3.11). At doses higher than 0.15
kGy, G (-Dye) steadily decreased. This is attributed to the interference of the
competitive reduction of the secondary amino product by e,y in parallel with the

reaction of RR-120 with e, (Step 2 of Figure 3.11).
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Figure 3.10 (a) Spectra of N, saturated 40 uM RR-120 solutions (at pH 7) containing
0.2 M 'Bu-OH (i) before radiolysis and after steady state radiolysis at (ii) 0.05 kGy,
(iii) 0.2 kGy and (iv) 0.33 kGy. (b) AOD, and (c) transient absorption as a function of 1
for N saturated 100 uM RR-120 solution (at pH 7) containing 0.2 M 'Bu-OH during

pulse radiolysis at pulse dose of 0.01 kGy.
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Figure 3.11 The mechanism of radiolysis of RR-120 by e.,. R represents the residual

part of RR-120.

The reaction between the €, and RR-120 was investigated by pulse radiolysis
experiment employing 0.01 kGy/pulse in N, saturated 100 uM RR-120 solution (at pH
7) containing 0.2 M tert-butanol (‘Bu-OH). The absorption at any wavelength A (AOD))
changes due to the formation of the transient species is shown in Figure 3.10b. The
spectrum shows a strong absorption in the region 350-410 nm and weak absorption at
660 nm. The decay kinetics of the transient species was studied at 660 nm, where
contribution of parent absorption was absent. The decay trace of the transient fitted well
to the second order kinetics indicating a bimolecular type of decay of the transient. No
bleaching recovery at 535 and 560 nm was observed indicating the absence of

regeneration of the parent dye in the decay step. The k, for the reaction between €4
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and RR-120 was determined from the decay of e,q absorption at 610 nm in the
presence of different concentrations of RR-120. The bimolecular rate constant of the

reduction of RR-120 by e’y radicals was calculated as 1.2x 101 Mt
3.1.3.2. Reaction of RR-120 with Isopropyl Radical ((CH3),C*OH)

Aqueous solution of 40 uM RR-120 solution (at pH 7) containing 0.2 M 2-
propanol ((CH3),CHOH) and saturated with N,O was irradiated for different doses in
%Co gamma chamber having a dose rate of 2.5 kGy h' (measured using Fricke
dosimetry). N,O converts €,q to *OH. Further, (CH;),CHOH converts *OH and °H to
(CH;3),C*OH by the reactions shown in Eqs. 1.36 & 1.37. Figure 3.12a shows the
spectra of N,O saturated 40 pM RR-120 solution (at pH 7) containing 0.2 M
(CH3),CHOH (i) before radiolysis and after steady state radiolysis at (ii) 0.05, (iii) 0.2
and (iv) 0.33 kGy. The intensities of the peaks at 510 and 538 nm decreased with
increasing dose. It is attributed to the reductive cleavage of the azo group by
(CH3),C°OH resulting into destruction of the extended m-conjugation of RR-120.
However, the absorbance at 250 and 350 nm increased with increasing dose indicating

the production of smaller amino benzene fragments from RR-120 by (CH3),C*OH.

The reaction between RR-120 and (CH3),C*OH radicals was studied in N,O
purged aqueous solution of 200 uM RR-120 and 0.65 M (CHj3),CHOH at pH 7 (pulse
dose = 0.01 kGy). The spectrum shows a strong absorption at 350, 410 nm and weak
absorption at 590 nm (Figure 3.12b). The corrected absorption spectrum of the
transient species formed in the reaction RR-120 with (CH3),C*OH shows strong shows
strong absorption in the region of 530—550 nm (Figure 3.12¢). The rate constant of the

reaction of RR-120 with (CH;),C*OH radicals was observed as 1.8x 10° Mgt
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Figure 3.12 (a) Spectra of N,O saturated 40 uM RR-120 solution (at pH 7) containing
0.2 M (CH3),CHOH (i) before radiolysis and after steady state radiolysis at (ii) 0.05
kGy, (iii) 0.2 kGy and (iv) 0.33 kGy. (b) AOD, and (c) transient absorption as a
function of A for N,O saturated 200 uM RR-120 and 0.65 M (CH3),CHOH at pH 7

during pulse radiolysis at pulse dose of 0.01 kGy.

Figure 3.13a shows the corrected absorption spectra of the transient species
formed in the reaction RR-120 with (i) €7 and (ii) (CH3),C*OH. The decay traces of
the transient species produced in the reaction of e’,q and (CH3),C*OH radicals with RR-
120 were studied at 400, 560 and 660 nm. At 400 nm, transient formed between the
reaction of RR-120 and (CH3),C*OH decayed in 1 ms time whereas such decay was
absent for the transient produced in the reaction of e,q with dye (Figure 3.13b). It

indicates that the transients produced from RR-120 by e’q and (CH3),C*OH are

67



Chapter 3: Reactive Red - 120 Jhimli Paul Guin

different. The bleaching traces obtained for e’,q and (CH3),C°OH reactions with RR-
120 at 560 nm were totally different (Figure 3.13c). After initial fast bleaching, light
level remained steady without any recovery for the reaction of (CH3),C*OH with RR-
120. However, after initial fast bleaching, further slow bleaching takes place for the

reaction of e, with RR-120.
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Figure 3.13 (a) Transient absorption as a function of . and decay traces recorded at
(b) 400 nm, (c) 560 nm and (d) 660 nm for the reaction of RR-120 with (i) € ., and (ii)

(CH3),C*OH.

The ¢ values of RR-120 and that of the transients produced in the reaction of
RR-120 with e’yq and (CH3),C*OH at 560 nm are calculated as about 19000 and 12000

M em™, respectively. In the reaction of RR-120 with € aq, 1nitial bleaching at 560 nm
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was observed due to higher € value of parent molecule compared to that of transient
species. The semi-reduced species formed in the reaction of €', and RR-120 may react
with tert-butanol radicals. No parent dye molecule was regenerated during the decay of
the semi-reduced species. Therefore, the bleaching further increased with time. In the
reaction of (CH3),C°OH with RR-120, decay of semi-reduced species was
accompanied by regeneration of parent molecules. At 660 nm, the transient species
formed in the reaction of (CH3),C*OH with RR-120 decayed slowly with a rate
constant of 2.1x10° M s as compared to the reaction of e’y with RR-120 (2x10° M'!
s'l). Therefore, both (CH;3),C°OH and €aq reduce RR-120. In the reaction of
(CH3),C°OH with RR-120, the semi-reduced species decayed bi-molecularly
regenerating one parent dye molecule; whereas, in the reaction of €,q with RR-120, the
semi-reduced species reacted with either e’q or tert-butanol radical resulting to reduced

product which absorbs at 400 nm.
3.1.3.3. Reaction of RR-120 with Formate Radical (CO,*)

Aqueous solution of 40 uM RR-120 solution (at pH 7) containing 50 mM
sodium formate (HCOONa) and saturated with N,O was irradiated for different doses
in ®Co gamma chamber having a dose rate of 2.5 kGy h”' (measured using Fricke
dosimetry). The *OH and *H were converted to CO,* by the reactions shown in Eq.
1.38. Figure 3.14a shows the spectra of N,O saturated 40 uM RR-120 solution (at pH
7) containing 50 mM HCOONa (i) before radiolysis and after steady state radiolysis at
(i1) 0.05, (ii1) 0.2 and (iv) 0.33 kGy. The intensities of the peaks at 510 and 538 nm
decreased with increasing dose. It is attributed to the reductive cleavage of the azo
group by CO,* resulting into destruction of the extended n-conjugation of RR-120. The
change in absorbance spectra with dose for the reaction of RR-120 with CO,*" shows

similar trends as observed for the reaction of RR-120 with (CH3),C*OH.
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Figure 3.14 (a) Spectra of N,O saturated 100 uM RR-120 solution (at pH 7) containing
50 mM HCOONa (i) before radiolysis and after steady state radiolysis at (ii) 0.05 kGy,
(iii) 0.2 kGy and (iv) 0.33 kGy. (b) AOD; and (c) transient absorption as a function of .
for N>O saturated 100 uM RR-120 and 50 mM (CH3),CHOH at pH 7 during pulse

radiolysis at pulse dose of 0.01 kGy.

The reaction between RR-120 and CO,* radicals was studied in N,O purged
aqueous solution of 100 uM RR-120 and 50 mM HCOONa at pH 7 (pulse dose = 0.01
kGy). The spectrum shows strong absorption in the region of 350-400 nm and a small
band at 590 nm (Figure 3.14b). The corrected absorption spectrum of the transient
species formed in the reaction RR-120 with CO,* shows strong shows strong peak at
520 nm (Figure 3.14c). The k, for the reaction between CO,* and RR-120 was

determined from the formation signal of the transient species at 620 nm in the presence
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of different concentrations of RR-120. The bimolecular rate constant of the reduction of
RR-120 by CO," was calculated as 1.4x10° M s, which is lesser compared to the
bimolecular rate constant of the reaction of RR-120 with (CH;3),C*OH and
(CH3)HC®OH. The bimolecular rate constant of the reaction of RR-120 with CO,*
increased to 2.2x10° M™' s™! by increasing the ionic strength of the solution by adding
0.2 M Na,SOy in the dye solution. Therefore, small value of the rate constant of the

reaction of RR-120 with CO,* may be attributed due to the coulombic repulsion

between anionic RR-120 (due to the presence of six -SO; groups in the molecular
structure of RR-120) and CO,"". The coulombic repulsion decreased upon increasing
the ionic strength of the solution and subsequently the rate constant of the reaction of
RR-120 with CO,* increased. Figure 3.15 shows the % decolouration (at 538 nm), as
shown in Eq. 3.3, as a function of dose during the radiolysis of 40 uM RR-120 by (i)
€ ag» (ii) (CH3)2C*OH and (iii) CO,*". The efficiency of % decolouration of RR-120 by
these radicals is almost similar, though radiolytic yields of e,q (0.28 uM ),

(CH3),C*OH (0.58 uM J™) and CO,* (0.58 uM J') are different.

100- (iii)

% decolouration

00 01 02 03
Dose (kGy)

Figure 3.15 %decolouration of 40 uM RR-120 during gamma radiolysis in presence of

(i) € 49 (ii) (CH3)>C*OH and (iii) CO,"* at pH 1.
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3.1.4. Radiolysis of Aerated RR-120 Solution

In the Sections 3.1.2 and 3.1.3, it was discussed that the selective oxidising
radicals (viz. *OH, N;* and CL,*") and reducing radicals (viz. €, (CH;3),C*OH and
CO,") react with RR-120 through different mechanisms and finally influence the
extent of %decolouration of RR-120. However, the in-situ preparation of these radicals
during the irradiation process needs some special additives or reaction condition.
Therefore, it is of interest to study the radiolysis of aqueous solution of RR-120 (at pH
7) under ambient aerated solution. Aqueous solution of 40 pM RR-120 was irradiated
with gamma radiation at pH 7 for different dose. Under this reaction condition, € ,q and
*H are scavenged by the dissolved O, producing perhydroxyl radicals (HO,®) and
superoxide radical anions (0,°") as shown by Egs. 1.27 & 1.28. The reduction potential
of azo group of RR-120 at pH 7 is about -0.35 V vs. NHE /72]; whereas the reduction
potentials of HO,®* and O,* at pH 7 are -0.037 and -0.33 V vs. NHE. Therefore,
reduction of azo group (i.e. decolouration of RR-120) at pH 7 is thermodynamically
impossible by HO,®* and O, /73]. Hence, under the reaction condition, only *OH

becomes responsible for the decolouration of RR-120.

Figure 3.16a shows the spectra of 40 uM RR-120 solution at pH 7 irradiated at (i)
0 kGy, (i1) 0.5 kGy, (ii1) 1.0 kGy and (iv) 2.0 kGy doses. The spectra shows similar
trends, except lesser pronounced shift in absorbance maxima around 530 nm, as
observed for the radiolysis of N,O saturated RR-120 solution (Figure 3.4a). Therefore,
the transient produced by the reaction of RR-120 with *OH reacts with the dissolved
oxygen forming an adduct, which has slightly different spectral feature. Figure 3.16b
shows the spectra of O, saturated 40 uM RR-120 solution at pH 7 irradiated at (i) 0, (i1)
0.5, (ii1) 1.0 and (iv) 2.0 kGy doses. Under this reaction conditions, the main reacting

radicals are *OH and O,*". It can be seen that the decolouration behaviour of dye in
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aerated and O, saturated RR-120 solutions are quite similar.
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Figure 3.16 (a) Spectra of (a) aerated (b) O; saturated and (c) N, saturated 40 uM RR-
120 solutions (at pH 7) (i) before radiolysis and after steady state radiolysis at (ii) 0.5

kGy, (iii) 1.0 kGy and (iv) 2.0 kGy.

Figure 3.16c shows the spectra of N, saturated 40 uM RR-120 solution at pH 7
irradiated at (i) 0, (ii) 0.5, (ii1) 1.0 and (iv) 2.0 kGy doses. Since, the dissolved O, is
purged off from the solution by the N, thus Figure 3.16¢ represents the decolouration
behaviour of RR-120 by the combined effect of *OH and €aq- In contrast to the
observation from Figure 3.10a, no building up of absorbance was observed at
wavelength ~ 400 nm. One of the possible reasons is that the reduced species formed in
this reaction condition may react with the transient species formed by *OH and finally,

the resultant products may not have any absorption at 400 nm.
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Figure 3.17 shows the % decolouration of 40 uM RR-120 solution at different
doses for air, O,, N», ‘Bu-OH contained N, purged and N,O saturated systems. The rate
of decolouration was found to be very slow for *OH dominating system (in N,O
saturated) as compared to the ¢’ dominating system (‘Bu-OH contained N, purged). It
was also observed from Figure 3.17 that the decolouration efficiency of O,, N, air and
N,O saturated solution was almost same upto 0.5 kGy, whereas at higher doses than 0.5
kGy, decolouration efficiency in O, and air saturated systems is distinctly more than
that in N, and N,O saturated systems. Since, the products also start absorbing at higher

doses, so at this point it is difficult to elucidate the actual mechanism.
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Figure 3.17 % decolouration of 40 uM RR-120 solution at different doses for air, O,

N,, ‘Bu-OH contained N purged and N,O saturated systems.

The total organic carbon (TOC) represents the amount of organic carbon
(irrespective of the oxidation state) present in the aqueous solution of organic
compounds. The TOC of 20 pM RR-120 dye (Molecular weight = 1469 g mol™)

solution was calculated as 10.56 mg mL™". Figure 3.18 shows the % TOC removal of
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(a) aerated and (b) oxygen saturated 20 uM RR-120 solutions (at pH 7) during the
steady state gamma radiolysis. It should be noted that only ~20% TOC was removed at
2 kGy, though the solution was almost decolourised at that time. On further irradiation,
38% and 48% TOC removal was observed at 3 kGy in aerated and O2 saturated RR-
120 solution, respectively. Therefore, the reduction efficiency of %TOC was found to
be more for O, saturated solution than aerated solution. This suggests that oxygen helps

in mineralization of the transient species produced from RR-120 during radiolysis.
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Figure 3.18 % TOC removal of (a) aerated and (b) oxygen saturated 20 uM RR-120

solutions (at pH 7) during the steady state gamma radiolysis.
3.1.5. Electron Beam Irradiation of Aerated RR-120 Solution

Figure 3.19a shows the absorbance spectra of 68 uM RR-120 at pH 7 (i) before
radiolysis and after electron beam irradiation with 2 MeV beam energy for (ii) 1.5 kGy,
(iii) 2.5 kGy, (iv) 5.0 kGy and (v) 10.0 kGy dose. The doublet peaks at 512 nm and 535
nm appreciably decreased with increasing doses. The % decolouration of the dye
solution was calculated by monitoring the decrease in the absorbance at 535 nm. About

94% decoloration of 68 uM RR-120 solution was observed at the dose of 1.5 kGy,
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whereas the solution was about 99% decolorized at10 kGy (Figure 3.19b(i)). At 1.5
kGy dose, about 94%, 89% and 83% decolouration was observed for (i) 68 uM, (i1) 100
uM and (iii) 130 uM of RR-120 solution at pH 7, respectively (Figure 3.19b).
Therefore, the extent of % decolouration of the dye solution was decreased with
increasing dye concentration because of the higher extent of radical-radical

recombination at concentrated dye solution.
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Figure 3.19 (a) Absorbance spectra of 68 uM RR-120 at pH 7 (i) before radiolysis and
after electron beam irradiation with 2 MeV beam energy for (ii) 1.5 kGy, (iii) 2.5 kGy,
(iv) 5.0 kGy and (v) 10.0 kGy dose. (b) % decolouration of (i) 68 uM, (ii) 100 uM and

(iii) 130 uM of RR-120 solution at pH 7, respectively.

COD determines the amount of oxygen required to fully oxidize organic
compounds into carbon dioxide using a strong oxidizing agent such as K,Cr,O7. Thus
COD depends on the oxidation states of carbon atoms of the organic constituents
present in the solution. However, COD indirectly determines the amount of organic
compounds present in the aqueous solution. However, TOC represents the total amount

of the organic carbon (irrespective of the oxidation state) present in the solution.

The COD of unirradiated 100 pM and 130 pM RR-120 aqueous solution (at pH
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7) of RR-120 was calculated as 83 and 106 mg L™, respectively. Figure 3.20 shows the
%COD removal (hollow circles) of (i) 100 uM and (ii) 130 uM of RR-120 aqueous

solution (at pH 7) as a function of the applied electron beam irradiation dose.

50 - -20

% COD removal
% TOC removal

Dose (kGy)

Figure 3.20 %COD removal (hollow circles) of (i) 100 uM and (ii) 130 uM of RR-120
aqueous solution (at pH 7) as a function of the applied electron beam irradiation dose.
%TOC removal (hollow stars) of (a) 100 uM and (b) 130 uM of RR-120 aqueous

solution (at pH 7) as a function of the applied electron beam irradiation dose.

The RR-120 gets fragmented into the smaller organic units along with the
destruction of its chromophore group (azo linkage) during the irradiation process. Upon
further irradiation, the fragmentation process sometimes leads to complete
mineralization of RR-120 to CO, and H,O. Therefore, the %COD removal of the
aqueous dye solution increased smoothly with increasing the dose (Figure 3.20(i,ii)).
However, a significant decolouration (89%) but minor mineralization (19% COD
removal) was observed for irradiating 100 uM dye solution at 1.5 kGy dose. Therefore,

it can be understood that the destruction of the chromophoric group of the dye
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molecules is only responsible for decolouration, whereas % COD removal solely
depends on the complete mineralization of the dye molecules. Lower irradiation dose is
sufficient to destroy the chromophoric group of the dye molecules, but it would
partially mineralize RR-120 resulting into smaller organic compounds. Hence the rate
of % COD removal with respect to the applied dose (Figure 3.20(1)) was relatively
lower compared to the rate of % decolouration with respect to the applied dose (Figure

3.19b(ii)).

The % COD removal of RR-120 is also influenced by the concentration of dye.
45% and 25% COD removal was observed for the radiolysis at 10 kGy of (i) 100 uM
and (ii) 130 uM dye solutions, respectively.Therefore, the extent of % COD removal of
RR-120 decreased with increasing dye concentration because of the higher extent of
radical-radical recombination at concentrated dye solution and thus reducing the
degradation of dye (Figure 3.20(ii)). Figure 3.20 shows the %TOC removal (hollow
stars) of (a) 100 uM and (b) 130 uM of RR-120 aqueous solution (at pH 7) as a
function of the applied electron beam irradiation dose. The %TOC removal of the
aqueous dye solution also increased with increasing the dose (Figure 3.20(a,b)). The %
TOC removal also decreased with increasing the concentration of dye. It is important to
mention that %TOC and %COD removal do not overlap as they do not follow the same
trend. The higher the amount of intermediate oxidized species (of higher oxidation
state) generated after radiolysis, the lesser the number of moles of oxygen (or oxidant
like K,Cr,O7) was necessary to oxidize the intermediate oxidized products to CO,.
However, some of those oxidized species (of higher oxidation state) could still remain
in the irradiated solution resulting into no change in the total organic carbon content of
the solution. Therefore, the extent %TOC removal is lesser compared to the %COD

removal of RR-120 under identical operational conditions (Figure 3.20).
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The pH of the unirradiated 100 uM and 130 uM dye solutions was measured as
6.2. The pH of both the solutions abruptly decreased by 40% during the radiolysis of
the dye solutions at 1.5 kGy. However, only 5% decrease in pH was observed upon
prolonged irradiation of the dye solutions up to 10 kGy. The initial drastic decrease of
pH at lower dose is attributed to the fragmentation of large dye molecule into smaller
organic acids such as dicarboxylic acids or acetic acid components and other benzoic
compounds /74]. Upon prolonged irradiation, these organic acids completely
mineralize to carbonic acid. The change of is less susceptible at higher concentration of

dye in solution.

3.2. Enhancement of the Biodegradability of RR-120 Solution by Radiolysis

The microbial or enzymatic decolouration and degradation of dye solution is an
eco-friendly and cost-competitive process /75, 76]. However, the biodegradation of
synthetic dye molecules sometimes becomes very slow and even many synthetic
dyestuffs are toxic to the micro-organisms /33, 34/. The five-day biochemical oxygen
demand (BODs) is the amount of oxygen consumed by microorganism to degrade
organic compounds for a period of five-days. On the other hand, COD represents the
amount of oxygen (in terms of equivalent amount of K,Cr,07) required for chemical
degradation of organic compounds. The BODs/COD ratio is represented as
biodegradability index for the aqueous dye solution. Nevertheless, waste waters having
BODs/COD ratio > 0.3-0.4 are generally accepted as biodegradable /[77]. The
BODs/COD ratio of the unirradiated 100 uM and 130 uM dye solutions was calculated
as 0.20 and 0.17, respectively. Therefore, accordingly to the biodegradability index,
these dye solutions are non-biodegradable. However, %BODs increased, but COD

decreased for both the solutions with increasing radiation dose because of the formation

of more biodegradable intermediates during radiolysis (Table 3.1) [33]. As a result,
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BODs/COD ratio increased during the radiolysis process. However, the extent of
biodegradability depends on the concentration of dye in solution. The concentrated dye
solution exhibited lower biodegradability due to the higher extent of radical-radical
recombination. The BODs/COD ratio of 100 uM dye solution increased from 0.20 to
0.30 upon irradiating the dye solution at 1.5 kGy and finally at 10 kGy, it became 0.56.
It suggested that the non-biodegradable dye solution became biodegradable only upon
irradiating with 1.5 kGy dose and its biodegradability enhanced with increasing the
applied dose. This results encouraged exploring the combination of radiation and
biological treatment for the treatment of textile wastewater.

Table 3.1 % BODs and BODs/COD ratio of 100 uM and 130 uM aqueous RR-120

solutions at pH 7 for different radiation doses.

Concentration of RR-120
Dose 100 pnM 130 pM
(kGy) Increase of Increase of
BOD: (%) BODs/COD BOD: (%) BODs/COD
0.0 00.00 0.20 00.00 0.17
1.5 16.18 0.30 15.38 0.23
2.5 35.26 0.34 41.21 0.28
5.0 42.77 0.37 56.60 0.32
10.0 50.23 0.56 60.23 0.37

3.3. Combined Radiation and Microbial Treatment of aqueous RR-120 Solution

Steady state gamma radiolysis of 102 uM aqueous RR-120 solution was carried
out at pH 7 for 0.5 and 1.0 kGy by using “°Co gamma radiation with a dose rate of 2.5

kGy h™'. Henceforth, the 102 pM unirradiated and irradiated RR-120 solutions at doses
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of 0.5 kGy and 1 kGy will be designated as RR-120-0, RR-120-0.5 and RR-120-1,
respectively. The % decolouration of (1) RR-120-0, (ii) RR-120-0.5 and (ii1) RR-120-1
after 24 h of microbial treatment was calculated as 27, 56 and 66, respectively (Figure
3.21). The % decolouration of (i) RR-120-0, (ii)) RR-120-0.5 and (iii)) RR-120-1
increased after 96 h of biological treatment to 87, 94 and 98, respectively. Henceforth,
96 h biologically treated RR-120-0, RR-120-0.5 and RR-120-1 will be designated as

RR-120-0-B, RR-120-0.5-B and RR-120-1-B, respectively.
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Figure 3.21 % decolouration of (i) RR-120-0, (ii) RR-120-0.5 and (iii) RR-120-1
during the microbial treatment.

Figure 3.21 indicates that the introduction of radiation pretreatment increased the
efficiency and throughput of the microbial decolouration of RR-120 solution in shorter
time scale. It is important to note that the amount of enzymes present in the microbial
degradation process is very small compared to the amount of the substrate. At higher
substrate concentration, the biodegradation process follows zero-order reaction kinetic
with respect to the substrate concentration. Therefore, faster decolouration was

evidenced at the initial stage of the microbial treatment. However, the reaction kinetic
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switches over at lower substrate concentration from zero-order to pseudo-first order
with respect to the substrate concentration. It is well known that the rate of a pseudo-
first order reaction becomes more sluggish as the substrate concentration decreases.
Therefore, a smaller variation in the extent of % decolouration (87 and 98
%decolouration for RR-120-0-B and RR-120-1-B, respectively) was evidenced at later

stage of microbial treatment (Figure 3.21).
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Figure 3.22 % TOC removal of RR-120-0.5, RR-120-1, RR-120-0-B, RR-120-0.5-B and
RR-120-1-B.

At the initial stage of the radiolysis process, the dye molecules break down into
smaller fragments. The % TOC removal of RR-120-0.5, RR-120-1, RR-120-0-B, RR-
120-0.5-B and RR-120-1-B was calculated as 46, 52, 78, 88 and 90, respectively
(Figure 3.22). The higher TOC removal in case of combined treatment of RR-120
might be due to the acceleration of the fragmentation of the dye molecules upon
irradiating with high energy gamma-rays. A similar type of enhancement in the extent
of mineralization was also observed in combined electron beam-biological treatment
for dyeing wastewater /78, 79].

The treated wastewater from the textile industries is sometime used in the
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agricultural fields for irrigation purpose /80]. Therefore, the assessment of the toxicity
level of the treated textile effluent is one of the important factors for the seed
germination and plant growth /80/. The toxic effect of the treated dye solution was
studied on Indian agricultural seeds viz. Phaseolus mungo at room temperature.
Germination (%) as well as the length of plumule and radical were recorded after 7
days. The results were averaged over the 10 seeds under the same experimental
condition. The control set was carried out by using distilled water under the same time
scale. Although the other experiments were carried out at 102 uM of initial dye
concentration, no appreciable differences were observed in seed germination and plant
growth between control (distilled water) and treated dye solution at that initial dye
concentration. Our preliminary studies showed that Pseudomonas sp. SUK1 was able to
effectively decolourise RR-120 up to 410 uM of initial dye concentration and no
effective decolouration was observed above that concentration. Therefore, the seed
germination and plant growth studies were carried out at 410 uM for both control and
treated dye.

The seed germination was reduced to 30% with respect to the control, when the
seeds were treated with 410 uM RR-120-0 (Table 3.2). About 80%, 90% and 90%
germination was recovered after treating the seeds with 410 uM degraded metabolites
of RR-120-0-B, RR-120-0.5-B and RR-120-1-B, respectively. The growth of the
plumule and radical length of the seeds was found to be reduced to 48% and 32% in
RR-120-0 as compared to the growth of the same in the distilled water, respectively.
The growth of the plumule was significantly improved to 89% of the normal growth
whereas for radical growth, it was 98% in RR-120-0-B. Again, 92%, 94% and 98%,
99% of the normal plumule and radical growth were recovered for RR-120-0.5-B and

RR-120-1-B, respectively. Therefore, biodegradation as well as the combined radiation-
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microbial treatment on RR-120 solution showed better reduced toxicity than the
unirradiated dye solution.
Table 3.2 Toxicity studies of 410 uM RR-120-0 and metabolites produced from 410 uM

RR-120-0-B, RR-120-0.5-B and RR-120-1-B using Pseudomonas sp. SUK].

Metabolites produced by Pseudomonas sp.
SUKI1 fi
Parameters | = w,ter | RR-120-0 =
studied
RR0-120-0-B | RR-120-0.5-B | RR-120-1-B
Germination 100 30 R0 90 90
(%)
Plumule (cm) | 14.8£0.6 | 7.2 £ 0.6%** 13.2+£0.5 13.7+04 14.0 £ 0.8*
Radical (cm) | 5.0£0.3 | 1.6+ 0.3%** 49+0.2 49+0.3 50=£03

[Values are mean of three experiments = SEM, significantly different from control
(seed germination in distilled water) at *P< 0.05,**P< 0.0land ***P<0.001 by one-

way analysis of variance (ANOVA) with Turkey—Kramer comparison test.]

3.3.1. Investigation on the mechanism of the decolouration and degradation in

combined radiation and microbial treatment of aqueous RR-120 Solution
3.3.1.1. FTIR analysis

The broad peak at 3433 cm™ in the FTIR spectrum of RR-120-0 represents N-H
stretching frequency of 2° aromatic amine (Figure 3.23a). The peak at 1739 cm’
corresponds to the C=0 stretching frequency of the hydrazone tautomer and the peaks
at 1017 and 1042 cm™ are attributed to the phenolic -OH groups present in the azo
tautomer of the dye. The peaks at 1201 and 1624 cm™ represent the aromatic C-O and
—N=N- stretching of the azo group, respectively. The small band at 1443 cm™ is

attributed to the in-plane vibrations of the s-triazine ring. The peak at 1114 cm’
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represents the signature of the C-N-C of triazine moiety. The characteristic peak of C-
Cl could not be identified due to the overlapping peaks of the other groups in the region

of 700-800 cm™.
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Figure 3.23 FTIR spectra of (a) RR-120-0, (b) RR-120-0.5, (c) RR-120-1 and (d) RR-

120-0-B, (e) RR-120-0.5-B, (f) RR-120-1-B.

The FTIR spectra of RR-120-0.5 and RR-120-1 revealed the increase in the peak
intensities at 1198, 1049, 1020 cm™ (Figure 3.23b) and 1197, 1046, 1019 cm™ (Figure
3.23c), respectively. The increase in the intensities of these peaks might be attributed to
the increase in the population of the phenolic -OH groups, which were formed by the
addition of "OH radicals to the benzene ring during the irradiation of the dye solution.
The peak at 1650 cm™ (primary aromatic amines) which could not be observed in both
Figure 3.23b&c might be overlapped with the peak of azo bond (1624 cm™). The

appearance of the peaks at 1650, 1338 and 1407 cm™ (Figure 3.23b&c) might be

85



Chapter 3: Reactive Red - 120 Jhimli Paul Guin

ascribed due to the C-N stretching of primary aromatic amines and -CH, scissoring
bend of cyclohexadiene, respectively, formed upon irradiating RR-120 dye solutions as
discussed later in the sub-section 3.3.1.3.. The intensity of the peak at 1114 cm™,
which is the characteristic peak of the C-N-C of triazine moiety, remained constant
upon irradiation up to 1 kGy.

The FTIR spectrum of the extracted metabolites from RR-120-0-B solution is
shown in Figure 3.23d. The disappearance of the peak at 1624 cm™ is attributed to the
destruction of the azo (-N=N-) group. The new pair of peaks at 1650 and 1338 cm™
correspond to the primary aromatic amines (C-N stretching) formed during the
biodegradation process. The intensities of the characteristic peaks of the phenolic
groups in the range between 1198 and 1020 cm™ significantly changed during the
biological treatment process. The relative intensity of the peak at 1650 cm™, which is
the characteristics of the C-N stretching, increased in RR-120-0.5-B and RR-120-1-B

(Figure 3.23e&f).
3.3.1.2. HPLC analysis

Two characteristic retention times of RR-120-0 were observed at 1.52 and 1.74
min (Figure 3.24a). However, no remarkable change in the intensity and retention time
were observed for RR-120-0.5 and RR-120-1 (Figures 3.24b&c). At this point, we can
presume that either (i) the fragmented products were of similar polarities or (ii) the
amount of the fragmented products was very low to produce significant response at 280
nm or (iii) the fragmented products did not absorb at the monitoring wavelength or (iv)
total concentration of the 280 nm absorbing species remains same. The significant
changes in the retention time as well as in the intensity were observed in the extracted
metabolites from RR-120-0-B (Figures 3.24d). In this case, the characteristic retention

times of the metabolites were observed at 1.22 and 1.34 min compared to 1.52 and 1.74
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min for RR-120-0. Biological degradation of RR-120 resulted heavy fragmentation
producing metabolites having absorption at 280 nm. HPLC analysis of RR-120-0.5-B
showed prominent peaks at retention times 1.25 and 1.36 min (Figures 3.24¢), which
are quite similar to the extracted metabolites of RR-120-0-B. HPLC analysis of the
extracted products from RR-120-1-B showed a remarkable increase in the intensity at
retention time 1.22 min (Figures 3.24f), which indicates a better fragmentation of RR-
120. The results indicate that degradation products obtained by radiation, biological and

combined radiation-microbial treatment of RR-120 may not be similar.
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Figure 3.24 Chromatograms of (a) RR-120-0, (b) RR-120-0.5, (c) RR-120-1 and (d)

RR-120-0-B, (¢) RR-120-0.5-B, (f) RR-120-1-B.
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3.3.1.3. ESI-MS analysis

A closer inspection of Figure 3.21 revealed that in the combined radiation-
microbial process ~25% (for 0.5 kGy) and ~30% (for 1 kGy) decolouration of 102 uM
RR-120 solution occurred at the onset of the biological treatment. Therefore, negative
ion ESI-MS analysis was performed to study the compositions of (a) RR-120-0, (b)
RR-120-0.5 and (c) RR-120-1 solutions just prior to microbial treatment. The peaks
corresponding to the parent dye molecule (RR-120; M = 1337) can be assigned for the
ion series of [M - xH]" ions or their sodiated adducts [M - (x + y)H + yNa]* (where the
maximum value of x or (x + y) is equal to the total number of acidic protons) or their
in-source fragmented units. The mass spectrum of RR-120-0 exhibited the [M - 6H +
Nal]”, [M - 6H + 2Na]* and [M - 6H + 3Na]* ion peaks from ion series at m/z 271, 344
and 467, respectively and in-source fragmentation peaks at m/z 171 and 337.6 (Figure
3.25a). The most probable structures of the in-source fragments at m/z 171 and 337.6
are shown in Figure 3.26. Five additional peaks at m/z 172, 173, 189, 274.7 and 348
were observed in RR-120-0.5 (Figure 3.25b). The peaks at m/z 172, 173 and 189
correspond to the radiolysis fragments of RR-120 viz. aminobenzosulphonic acid,
hydroxybenzosulphonic acid and di-hydroxybenzosulphonic acid, respectively (Figure
3.27). The peaks at m/z 274.7 and 348 correspond to the sodiated adduct of the
hydroxylated dye molecule produced during radiolysis from the aromatic electrophilic
addition of ‘OH to benzene or naphthalene ring, e.g. [M - 6H + O + Na]” and [M - 6H
+ O + 2Na]", respectively. The aromatic electrophilic addition of ‘OH to benzene or
naphthalene ring of RR-120 was also supported by the UV—visible spectra of (a) RR-
120-0, (b) RR-120-0.5 and (c) RR-120-1 (Figure 3.28), where the increase in the
absorbance at longer wavelengths beyond 600 nm due to extra conjugation was

evidenced for RR-120-0.5 and RR-120-1.
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Figure 3.28 UV—visible spectra of (a) RR-120-0, (b) RR-120-0.5 and (c) RR-120-1.

The relative intensities of the peaks at m/z 172, 173, 189, 274.7 and 348 increased
significantly in the RR-120-1 solution (Figure 3.25c). Therefore, the relative
concentration of RR-120 decreased and the relative concentrations of
aminobenzosulphonic acid, hydroxybenzosulphonic acid, dihydroxybenzosulphonic
acid, [M - 6H + O + Na]> and [M - 6H + O + 2Na]* increased significantly for

irradiating the dye solution with 1 kGy dose.
3.3.1.4. Enzyme analysis

The major mechanism behind the biodegradation of azo dyes in static condition
is the synchronised action of several oxidative and reductive enzymes viz. laccase,
tyrosinase, azoreductase and NADH-DCIP reductase leading to the degradation of dye
molecules and their fragmented products /81, 82]. The activity of laccase, tyrosinase,
azoreductase and NADH-DCIP reductase was studied in the cell free extracts obtained

from control, RR-120-0-B and RR-120-1-B. The enzyme activity was defined in uM of
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ABTS oxidised min" mL™" (for laccase), units min" mL™ (for tyrosinase), uM of MR
reduced min™ mL™ (for azoreductase), pM of DCIP reduced min™ mL™" (for NADH-
DCIP reductase) and the % variation of each enzyme activity in the dye solution with
respect to the control. The activity of the tyrosinase was decreased to 58% and
increased to 107% in RR-120-0-B and RR-120-1-B, respectively (Table 3.3). The
activity of the azoreductase was increased to 122% and 116% in RR-120-0-B and RR-
120-1-B, respectively. The laccase activity was increased to 231% and 200% in RR-
120-0-B and RR-120-1-B, respectively. The activity of NADH-DCIP reductase

increased to 541% and 154% in RR-120-0-B and RR-120-1-B, respectively (Table 3.3).

Table 3.3 Activities of laccase, tyrosinase, azo reductase and NADH-DCIP reductase

in control Pseudomonas sp. SUKI cells and cells obtained from RR-120-0-B and RR-

120-1-B.
Enzvme Control Cells obtained from Cells obtained
Y RR-120-0-B from RR-120-1-B

Laccase® 1.9+0.2 4.44+0.5* 3.8+0.8*%
Tyrosinase” 0.6+0.1 0.4 +0.0* 0.7+0.1*
Azoreductase® 1.8 +£0.1 22+0.1* 20+0.1*
NADH'DEIP 12.1+0.5 652+ 1.7* 18.6 +0.3*
reductase

[Values are mean of three experiments + standard error of measurement, significantly
different from control cells "P<0.001 by one way analysis of variance (ANOVA) with
Turkey-Kramer multiple comparison test. “uM of ABTS oxidized min” mL; Units

min” mL”; “uM of Methyl Red reduced min™ mL™; d,uM of DCIP reduced min” mL™.]
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GC-MS analysis was carried out with the metabolites formed from RR-120-0-B,

RR-120-0.5-B and RR-120-1-B solutions. The metabolites of m/z 154 and 170 obtained

from RR-120-0-B are attributed to the biodegraded products viz. N-(4-aminophenyl)-

1,3,5-triazine-2,4-diamine and 2-aminobenzenesulfonic acid, respectively (Table 3.4).

Table 3.4 GC-MS analysis of the metabolites formed from RR-120-0-B, RR-120-0.5-B

and RR-120-1-B solutions.

Identified product Molecular m/z obtained GC-MS Peaks
name weight of product of product (y-axis in relative % intensity)
100 70
N-(4- . 154
- % 41
aminophenyl)- 157 154
1,3,5-triazine-2,4- 50 125
diamine I J
(111 0. d‘l T - ‘
100 200 300
m/z
100 41
2- % 86 170
aminobenzenesulfo
nic acid 172 170 50
@ |
0! \\Jm“‘w\‘iu}‘ vl
| |
100 200 300
m/z
N-(7-amino-8- 100 125
hydroxy-5,6- % 91
dioxo-5,6- 41|
dihydronaphthalen 246 244 50 | 1‘53 244
h 1 -yl)-guanidine 0 “‘w:«‘:www‘!r il
(IX) 01
100 200 300
m/z
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An additional peak at m/z 246 was obtained in RR-120-0.5-B. That new peak at
m/z 246 is attributed to the N-(7-amino-8-hydroxy-5,6-dioxo-5,6-dihydronaphthalen-1-
yl)-guanidine, which is formed upon the biological treatment of the irradiated solution
(Table 3.4). No good quality mass spectrum was observed for RR-120-1-B because of

the higher extent of mineralization in that solution.

3.3.2. Discussion on the decolouration and degradation mechanisms of RR-120 for

combined radiation-microbial treatment

The probable reason behind the improvement in the process efficiency in case
of the combined radiation-microbial treatment in comparison with the general microbial
treatment can be proposed by correlating the results obtained from the FTIR, HPLC,
ESI-MS, enzyme assay and GC-MS analysis. It is evidenced from Figure 3.27 that
primary amines are produced by the reaction of RR-120 with e,q and *H (Figure 3.11).
On the other hand, three parallel reactions are possible between RR-120 and *OH viz.
(a) adduct formation to the organic m-system, (b) addition to the chromophoric group
and (c) one electron oxidation /83/. Therefore, the cleavage of the C-N bond of RR-120
by *OH forms hydroxybenzosulphonic, di-hydroxybenzosulphonic acid, etc. (Figure
3.27). The cleavage of active azo bond of RR-120 forms aminobenzosulphonic acid
(Figure 3.27) [84, 85]. The aromatic electrophilic substitution of *OH to phenyl ring
and one electron oxidation of RR-120 also competes with the bond cleavage reaction
(Figure 3.27). Aromatic electrophilic substitution of *OH to the phenyl produces
cyclohexadienyl type of radical, which produces the cyclohexadiene ring (confirmed by
-CHj; scissoring bend in FTIR analysis) and regenerates the aromatic ring with an extra
OH group via disproportionation reaction.

Laccase is an oxido-reductase, which is able to catalyze the oxidation of various

aromatic compounds particularly phenols, aromatic amines, benzenethiols etc. /86/.
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The activity of laccase is increased in RR- 120-0-B solution compared to control
because of the presence of the dye molecule containing phenolic group and its amino
metabolites. However, 30% decolouration and 52% TOC removal of RR-120-1 was
observed. Therefore, the laccase activity is expected to decrease in the irradiated
solution; but almost similar laccase activity was observed in RR-120-1-B (Table 3.3).
Therefore, it can be assumed that the radiation induced fragmented products like
hydroxybenzosulphonic, di-hydroxybenzosulphonic acid, aminobenzosulphonic acid,
etc. helped to recover the laccase activity in RR-120-1-B solution.

Tyrosinase catalyzes the o-hydroxylation of monophenols to yield o-diphenols
(cresolase activity) and subsequently oxidation of o-diphenols to o-quinones
(catecholase activity) in the presence of oxygen /87/. RR-120 and its amino
metabolites are supposed to inhibit the first step of the reaction and that is why the
activity of tyrosinase is decreased in RR-120-0-B with respect to the control. On the
other hand, hydroxybenzosulphonic acid and di-hydroxybenzosulphonic acid were
formed in RR-120-1 solution. These irradiated fragments are supposed to be the
specific substrates for tyrosinase. Therefore, the activity of tyrosinase increased in RR-
120-1-B solution as compared to the RR-120-0-B (Table 3.3).

Azoreductase is the key enzyme for the reductive cleavage of the azo bond
(-N=N-) of RR-120 resulting to aromatic amines. The activity of azoreductase was
increased in RR-120-0-B solution as compared to the control because of the presence of
the azo group in RR-120 /81]. The number of azo groups was decreased in the
irradiated dye solution and therefore the activity of the azoreductase decreased in RR-
120-1-B (Table 3.3). From the overall enzyme activity results, it can be concluded that
the radiation induced fragmented products of RR-120 showed diverse enzymatic

activities; for some enzymes the activity increased whereas it decreased for other
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enzymes. The type of enzymes as well as their rate of secretion and activity towards a
particular substrate varies with microbial strain to strain /88/. Therefore, selection of
the microbial strain may be one of the crucial aspects in this type of experiments.

On the basis of various enzyme inductions and GC-MS analysis, the possible
biodegradation pathways of unirradiated and irradiated RR-120 dye solution adapted by
Pseudomonas sp. SUK1 are illustrated in Figures 3.29 and 3.30. Initial cleavage of RR-
120 may proceed through the cleavage of azo bond by azoreductase leading to the
formation of 2-aminobenzenesulfonic acid [I] of m/z 170 and reactive intermediate [II],
which undergoes subsequent oxidative and reductive cleavages by various oxidative
and reductive enzymes viz. laccase, tyrosinase and DCIP reductase followed by the
dechlorination resulting the formation of N-(4-aminophenyl)-1,3,5-triazine-2,4-
diamine[III] of m/z 154.

The azo group of the product [IV] formed in the irradiated dye solution (as
observed in Figure 3.27) may be reduced by azoreductase to 2-aminobenzenesulfonic
acid [I] of m/z 170 and reactive intermediate [V]. Asymmetric cleavage of the reactive
intermediate [V] by laccase and subsequent dechlorination formed another reactive
intermediate [VI] and one stable product N-(4-aminophenyl)-1,3,5-triazine-2,4-diamine
[III] of m/z 154. Subsequent desulphonation of [VI] led to the formation of [VII],
which  produces N-(7-amino-8-hydroxy-5,6-dioxo-5,6-dihydronaphthalen-1-yl)-
guanidine[IX] having m/z at 246 by further attack of reductase and tyrosinase,
subsequently.

The above results demonstrate that irradiating the RR-120 solution with a lower
dose (£ 1 kGy) and then microbial treatment of the irradiated solution with
Pseudomonas sp. SUKI under static condition increased the performance of the

degradation and decolouration of RR-120 dye solution. As compared to the chemical
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oxidation processes, radiation treatment does not produce any toxic byproducts, needs
simple technical operation and most importantly, it is not perturbed by the highly
coloured or turbid effluent, which makes it as a potential alternative compared to the
other AOPs. This study explores a reliable and promising way to use industrially viable

dose and microbial strain for transformation of carcinogenic dyes to non-toxic

compounds.
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3.4. Radiolysis of simulated textile dye waste water (STDWW) containing RR-120

A detailed discussion is presented in the previous sections on the radiolytic
mineralization of RR-120. The combined radiation-microbial treatment was also
explored to increase the efficiency of the biodegradation process. Further, real textile
dye bath contains the auxiliary chemicals (i.e., surfactants, sequestering agent, pH-
adjusting acids, inorganic salts etc.) along with the bio-resistant synthetic dye
molecules. These auxiliary chemicals of the dye bath contribute to ~83% of the organic
load of the effluent /89, 90]. The heavy organic load of the textile effluent causes a
negative impact to the aquatic lives owing to the decrease in the dissolved oxygen
concentration in the water stream /9/]. The COD of real textile effluents varies in the
ranges 2900-3000 ppm, which is well above the permissible discharge limit (COD <
250 ppm) set by the Central Pollution Control Board under the Ministry of

Environment and Forest, Government of India.

In this section, the process efficiency of radiolysis is validated on simulated
textile dye waste water (STDWW), mimicking the compositions used in dye industries.
The process efficiency of the radiolytic mineralization of STDWW was also compared
with a couple of AOPs, viz. photocatalysis, ozonolysis. The constituents of the
simulated textile dye bath and the role of each constituent in the dyeing process are
given in Table 3.5. The hydrolyzed dye effluent was prepared by boiling the
constituents with 1 M NaOH at 80-90 C for 3 h under refux //]. The pH, conductivity,
COD and dissolved oxygen of STDWW were measured as 10, 28.9 mS, 3128 mg L™,

3.7 mg L', respectively.
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Table 3.5 Composition of STDWW.

Concentration
Component - Function
P (mg L)
C.I. Reactive Red 120 70 Colouring agent
Sodium ‘
dodecylbenzenesulfonate 375 Ie)xeg:zzgznteused for washing
(SDBS) Y
Ethylenediaminetetraacetic 150 Removal of unwanted metal
acid (EDTA) ions in the dye bath
Adjustment of the starting
Na,COs3 4876 pH (8.8-9.3)
Adjustment of the Final
NaOH 188 dyeing pH (10.5-11.0)
NaCl 1.5%10* Promotes dye binding onto
cotton
Acetic acid As required | For pH (10) adjustment

3.4.1 Decolouration and mineralization of STDWW by photocatalysis and ozonolysis

The *OH radical is produced from the surface of TiO, nanoparticles (Degussa
(P25), particle size ~ 30 nm) upon irradiating with UV light. The photocatalytic
treatment of STDWW was carried out for different time intervals. It took about 500
min of this process to completely decolourise STDWW. However, at the same time, it
could mineralise only 21% of the total organic loads of STDWW (Figure 3.31a). The
rate of photocatalytic mineralization decreased with time. Therefore, only 25%
mineralization was observed at 720 min and no significant change in the extent of

mineralization was observed on prolonged irradiation.

The Ti0O; nanoparticles made very stable suspensions with the aqueous solution
of the individual components of STDWW. However, it settled down rapidly in
STDWW. It can be speculated that the presence of high salts concentration (~1.5x10"

ppm of NaCl) in the STDWW might be responsible for changing the surface properties
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of TiO, particles and it finally led to the easy settlement of the catalyst in STDWW. On
the other hand, the coulombic repulsion between the negatively charged surface of TiO;
(pHpz = 6.0 + 0.2) and OH (at pH 10) also prevents the production of *OH resulting

into the poor mineralization of STDWW /92, 93].
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Figure 3.31 Mineralization of STDWW by (a) photocatalysis (b) ozonolysis.

Ozone (O3) produces *OH via decomposition in alkaline pH (pH 10)
[46]. O; is also a strong chemical oxidant and it can directly react with the
unsaturations present in the organic molecules /94]. Therefore, O3 and *OH both could
react with the components of STDWW. However, the direct reaction of Oj is selective
and slow. The ozonolysis of STDWW was carried out for different time intervals. The
complete decolouration and negligible mineralization of STDWW were observed at ~3
min of ozonolysis. About 25% mineralization of STDWW was observed after 120 min
and remained almost constant at prolonged ozonolysis (Figure 3.31b). The process
efficiency (in terms of the % mineralization of STDWW) of ozonolysis was tried to

increase even by adding some additives such as H,O,, Al,Os, K,S,0s etc., but the
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extent of % mineralization did not increase. The continuous flow of oxygen during

ozonolysis also did not improve the extent of % mineralization of STDWW.
3.4.2. Decolouration and mineralization of STDWW by gamma radiolysis

The radiolysis of STDWW was carried out for different doses. The complete
decolouration and negligible mineralization of STDWW were observed at ~3 kGy dose.
The extent of mineralization of STDWW was increased only up to 16% at 50 kGy dose
and no further enhancement in the mineralization was observed at higher doses (Figure
3.32a). The above discussed results in conjugation with the results discussed in Section
1.4.1. suggested that *OH cannot effectively mineralize the organic load of STDWW. It
was observed that the radiolytic mineralization of ibuprofen was enhanced by gamma
radiolysis in presence of K,S,0z /95]. The e,q and *H preferentially reacts with Szng'

during radiolysis resulting into sulphate radical (SO4"") (Eq. 1.34) /96].

The SO,*" is itself an oxidising radical. In addition, *OH radical also can react
independently with organic compounds /97/. The gamma radiolysis of STDWW was
carried out for different doses in presence of 40 mM K;,S,0g. The % mineralization of
STDWW was enhanced to 50% at 50 kGy dose, though it remained almost constant at
higher doses than 50 kGy (Figure 3.32b). It is important to mention that K,S,0s itself
can produce SO,;* by thermal decomposition at 38-40°C /98], which is the usual
temperature of the solution during gamma radiolysis. Therefore, the extent of
mineralization of STDWW in presence of 40 mM K,S,0s was studied at 40°C in

absence of gamma source and no mineralization of STDWW was obtained.

In this context, it is important to mention that the COD of STDWW was 3128
ppm, which was much higher than the COD of pure dye solution (70 ppm) and it

indirectly represented the amount of other organic compounds (viz. SDBS, EDTA,
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CH;3COOH etc.) present in STDWW. After some preliminary experiments, it was found
that the high value of COD was mainly contributed by SDBS, EDTA and CH3;COOH.
The concentration of CH;COOH varies from case to case as it is used to neutralize the
pH of the dye bath and thus the radiolysis of pure CH;COOH component was not
investigated. The aqueous solutions of EDTA (150 ppm) and SDBS (375 ppm) were
irradiated at pH 10 individually at a dose of 50 kGy both in the absence and presence of
K,S,05. About 80% and 95% mineralization of EDTA were observed in the absence
and presence of K,S,0s. It suggests that EDTA can be mineralized easily by irradiation
unlike SDBS. However, more interestingly, about 16% and 62% mineralization of
SDBS was observed in the absence and presence of K;S,0s. Therefore, the extent of
mineralization of SDBS was observed to be enhanced by approximately 4 times in case

of gamma radiolysis in the presence of K,S,0s.

70-
] (b)

60

50

40

30+

% Mineralization

20__ (a)

10

0 T T T T T T T T T 1
0 25 50 75 100 125
Dose (kGy)

Figure 3.32 Mineralization of STDWW on gamma radiolysis (a) without and (b) with

K>8,05.

In presence of HCO;3 and C032', the extent of mineralization of the organic

components present in STDWW was expected to be decreased because of the expected
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scavenging of *OH radical by the HCO; and CO;> /99]. However, no appreciable
enhancement in the extent of mineralization was observed during the radiolysis in
absence of Na,COs;. It indicates that C032' might not have interfered during the

radiolysis of STDWW.

3.4.3. Comparison of the process efficiencies of photocatalysis, ozonolysis and gamma

radiolysis for the mineralization of STDWW.

The process efficiencies of different AOPs were compared in terms of oxygen-
equivalent chemical-oxidation capacity (OCC), which is defined as the kg of O, that are
equivalent to the quantity of oxidant reagents used in an AOP to treat 1 m’ of
wastewater [100]. It gives an index of the chemical efficiency of the oxidants used in
an AOP by quantifying the amount of the oxidants (kg O,) added per m® of the
wastewater. The OCC of photocatalysis, ozonolysis and gamma radiolysis are

calculated by the following Eq. 3.2-3.4:

[To(cm™2571)xA (cm?)xt(s)x10° (cm3m™~3)]
[6.023%x1026(kmol~1)xV(cm3)

1 OCCPhoto(kg O2 m—g) =

X

1 kmol O, 32kg O,
4 kmol 1 kmol O,

(3.2)

1 kmol O 6 kmol e™
1 0CCoqyo (kg 0, m™3) = 05(kg 0; m ~3) x >

0z0(kg O, ) 3( &Ys ) 48 kg O3 1 kmol O3
1 kmol O, 32kg O,
4 kmol e~ 1 kmol O,

(3.3)

1 0CCragio(kg 0, m™3) = D (Jkg™") x p(kg m ~*) x G(kmol J™1) x

1 kmol O, 32kg O,
4 kmol 1 kmol O,

(3.4)

where, D is the dose, p is the density of water, G(SO,") = 3.4x10™'° kmol J™' or 3.3/100

eV; G(*OH) = 2.8x10"" kmol I or 2.7/100 eV.
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The lowest degree of mineralization (16%) of STDWW was observed for gamma
radiolysis (Figure 3.33). Thus the OCCs of different AOPs were compared for only
16% mineralization of STDWW and they were calculated as 4.02, 16.19, 0.13, 0.05 kg
equiv. O’ m™ for photocatalysis, ozonolysis and gamma radiolysis in the absence and
presence of K,S,0s, respectively. Therefore, for the same extent of mineralization, least
amount of oxidant was required for the gamma radiolysis in presence of K,;S,0g. To the
best of our knowledge, this is the first report on the calculation of OCC for

photocatalysis and gamma radiolysis.
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Figure 3.33 Variation in mineralization extent with OCC of (a) radiolysis (b)
photocatalysis (c) ozonolysis (d) radiolysis in presence of K»S>0s. Inset: mineralization
extent at lower OCC (a) radiolysis (b) photocatalysis (c) ozonolysis (d) radiolysis in

presence of K>S,0s.
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Gamma radiolysis in the presence of K,S,0g showed better chemical efficiency
(i.e. 47% mineralization) of the oxidants at OCC of 0.23 kg equiv. O, m™, which was
equivalent to 16% mineralization for the radiation treatment in absence of K;S,Os.
Moreover, no mineralization was observed at that OCC value for both ozonolysis and
photocatalysis. The overall results suggest that the gamma radiolysis in the presence of
K,S,05 is the most efficient process for the treatment of STDWW compared to the

general gamma radiolysis, photocatalysis and ozonolysis.
3.4.4. Mechanism of mineralization of the components present in STDWW

Mendez-Diaz et al. speculated that the conjugative action of *OH and SO4*
might be led to the higher extent of mineralisation of SDBS during the photooxidation
of SDBS in presence of K,S,05 at pH 7 [101]. We want to note that the yield of
oxidizing radicals in gamma radiolysis in presence of K,S,0g is 6 [ = G(*OH) +
G(SO,*) + G(*H)], whereas, that in absence of K,S,0s is 2.7 ( = G(*OH)). Therefore,
about 2.2 times enhancement in the extent of mineralization of SDBS could be
expected during gamma radiolysis in the presence of K,S,0g compared to the same in
the absence of K,S,0g. However, in the Section 3.4.2, we showed that the extent of
mineralization of SDBS was enhanced by approximately 4 times due to the presence of
K5S,05 during gamma radiolysis.

Therefore, the reactions between SDBS with *OH and SO4*” were investigated by
pulse radiolysis experiments in 0.5 mM aqueous solution of SDBS saturated with (i)
N>O and (ii) Ny, respectively, by employing 14 Gy per pulse at pH 10. The 20 mM
K,S,05 and 20 mM t-Bu-OH were added additionally to the solution for the second
reaction. Figure 3.34 shows the absorbance per unit G value (AOD/G) of the transient
species formed by *OH and SO,*" as a function of wavelength. In Figure 3.34a, a strong

absorption at 290 nm, a weak absorption peak at 320 and a weak hump in the range of
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325-340 nm was observed for the reaction between SDBS and *OH. The peak around at
270-290 nm is attributed to the benzyl type radical and broad peak at 300-350 nm
correspond to the formation of OH-adduct with the benzene ring /95, 102]. All of the
transient species absorbing at 290, 320 and 325-340 nm decayed faster in presence of
4:1 (v/v) mixture of N,O and O, and it suggests that the produced transient species had
carbon centered radicals. The decay constant of the transient reacting with O, could not
be determined because of the interference of the formation signal of the peroxy type

radical with the decay signal of the reacting transient.
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Figure 3.34 Transient absorption spectra for the reaction of SDBS with (a) *OH, (b)

SO,* and (c) O at dose of 14 Gy per pulse.

Figure 3.35a represents the probable routes of formation of the OH-adducts and
benzyl type radicals from the reaction between SDBS and °*OH. The °OH first
conjugates with the benzene ring of SDBS forming the OH-adduct, which reacts with
the water molecules leading to the formation of the benzene radical cation. The benzene

radical cation is unstable and it forms a benzyl type radical by dissociation of the weak
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benzylic C,-hydrogen /95, 103]. Both the intermediates viz. OH-adduct and benzyl
type radicals are observed for the reaction of *OH with SDBS. Apart from these above
phenomena direct H-atom abstraction may also take place from the alkyl chain of
SDBS by *OH /102]. The bi-molecular rate constant of the reaction between *OH and
SDBS was calculated as 1.8x10° M s (at pH 10), which is similar to the value
reported ~10'° M s (at pH 7) by Mendez-Diaz et al. [101].

(b)
SO4”

CH,R
‘OH
(a)
0y
R = CH3(CHy)yp-

05

Figure 3.35 Reactions of SDBS with “OH and SO,"".

The similar types of transient absorption peaks were observed at 290, 320 and
330 nm in the reaction of SDBS with SO4*" (Figure 3.34b). However, the intensity of
the peak at 290 nm significantly increased by 1.5 times in case of SO,°*" as compared to
the *OH. The SO,* is more selective electrophile compared to *OH /101]. Figure 3.35b
represents the probable routes of reaction between SO4*” and SDBS. The SO4° does not
directly add to the aromatic ring. Instead it produces a very short lived (< 0.1 us)

radical cation followed by benzyl type radical and hydroxycyclohexadienyl radical by
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the reactions with water molecules /95, 104]. SO4° can also produce benzyl radical by
H-abstraction reaction from the alkyl chain of the SDBS /101, 102, 105]. The bi-
molecular rate constants for the reaction of SO4*” with SDBS was calculated as 3.8x10°
M s from the decay of SO, at 450 nm (at pH 10) and it is similar to the value
reported about 3.6x10° M s7'/101].

The H-abstraction reaction of SO4*” from the alkyl chain was verified by
monitoring the decay of SO,* with the reaction of SDS in N, purged 0.5 mM SDS
containing 20 mM K,S,;03 and 20 mM t-Bu-OH at pH 10 by employing 14 Gy per
pulse. The decay constant of SO4* for the reaction with SDS was calculated as 4.7x 10°
s at 440 nm and it was found to be about 1.5 times higher compared to the decay of
SO,* in a solution containing no SDS (spectra is not shown). It supports that the H-
abstraction reaction of SO4*" from the alkyl chain of SDS and SDBS are of similar
nature.

The absorption peaks of the transients formed by the reaction between SDBS and
O°* were also monitored in N,O saturated 0.5 mM aqueous SDBS solution at pH 13.5
by applying 14 Gy per pulse (Figure 3.34c). The O*, being a nucleophilic species
cannot add to the benzene ring, rather it is known to react via one electron oxidation
producing benzene radical cation followed by benzyl type radicals by the dissociation
of Cy-hydrogen [106]. Therefore, it showed AOD/G features similar to the reaction
between SBDS and SO4*". The higher peak intensity at 290 nm observed for the
reaction between SO,*" and SDBS is attributed to more favourable formation of benzyl
radicals by SO,°*. Therefore, the higher extent of mineralization of SDBS is not
because of the conjugative effect of both *OH and SO,*", but because of the preferential

formation of benzyl type of radicals via the formation of benzene radical cation.

109



Chapter 3: Reactive Red - 120 Jhimli Paul Guin

3.4.5. The influence of the nature of neutralizing acid on the radiolysis of STDWW

The pH of the STDWW solution did not appreciably change even after 50 kGy
dose of radiolysis (Figure 3.36a) because of the lesser extent of formation of the
organic acids from the mineralization of the organic components of STDWW. On the
other hand, the pH of the STDWW decreased to 6.3 on irradiating the solution in
presence of K,S,0g for the same dose (Figure 3.36b) because of the higher extent of
formation of the organic acids from the mineralization of the organic components. The
SO4* efficiently oxidises the organic compounds and itself converts into SO4*, which
is a conjugate base of strong acids (HSO4', H,SO,). Therefore, the pH of the solution
significantly decreased during radiolysis in presence of K,S,Ogs [707]. This
phenomenon led to the existence of the organic acids in their protonated form and
therefore, the rate constants of these acids with SO4*" decreased leading to almost
negligible extent of mineralization at higher doses than 50 kGy /107]. Moreover, the
HCOj5 ion concentration in equilibrium with COs” increases with decreasing the pH
and it minimizes the scavenging effect as HCO;™ [108]. However, the minimum COD
achieved in the irradiated solution (50 kGy) in presence of K,S,0Os was 1558 ppm,

which was much above the permissible discharge limit (< 250 ppm).

The acetic acid, which was used to adjust the pH of the simulated dye solution, is
an organic acid and it contributes significantly in the residual COD of the irradiated
solution. Therefore, we did the radiolysis of STDWW in presence of K,S;0s by
replacing the acetic acid (organic acid) by H,SO4 (mineral acid) in the pH adjustment
step. The STDWW solution, where the pH was adjusted by diluted H,SO4 will be
henceforth designated as modified simulated textile dye waste water (MSTDWW). The

initial CODs of the STDWW and MSTDWW were calculated as 3128 and 1544 ppm,
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respectively. It could itself give an idea about the contribution of the acetic acid in the

total COD of the simulated solution.

Moreover, the extent of mineralization of MSTDWW increased to 84% upon
gamma irradiation for 50 kGy in presence of K,S;Ogz and the pH of the solution
drastically decreased to about 2.1. Despite the incomplete mineralization, The COD of
MSTDWW could bring down to 245 ppm (which is below the recommended discharge
limit) upon irradiation for about 60 kGy in presence of K,S;0s. The pH of the

irradiated solution was remained constant in the range 1.5-2.0 (Figure 3.36¢).
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Figure 3.36 Variation of pH as a function of dose during gamma radiolysis of STDWW

in the (a) absence and (b) presence of K,S:0s and (c) MSTDWW in presence of K»S:0:.

Therefore, the use of H,SO,4 in place of CH3;COOH in the pH adjustment step
followed by the gamma radiolysis of STDWW in presence of K,S,0g is recommended
for an effective effluent treatment process. Thus, further investigations on the process

efficiency of radiolysis in comparison to other AOPs were performed on MSTDWW.
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3.4.6. Radiolysis of MSTDWW in the presence of K»S:0s

The mineralization of MSTDWW irradiated in the presence of 40 mM K,S,0s
at different doses is shown in Figure 3.37a. It shows 20% and 75% mineralization at
doses of 11 kGy and 60 kGy, respectively. It could be noted that, at the same time, only
16% and 54% mineralization was observed for the STDWW (pH adjusted with
CH3;COQOH). Furthermore, about 80% mineralization was observed for the gamma
radiolysis of MSTDWW at the 60 kGy dose, while only 60% mineralization was
observed for the gamma radiolysis of STDWW at 100 kGy (Figures 3.32b & 3.37a).
Therefore, the nature of the pH adjusting acid influences the extent of the
mineralization of MSTDWW with that of the STDWW. As discussed earlier, K,S,Og
itself can produce SO,*" by thermal decomposition at 38-40 °C, which is the usual
temperature of the solution during gamma radiolysis. Therefore, the extent of
mineralization of MSTDWW in the presence of 40 mM K,S,05 was studied at 40 °C

under room conditions (no irradiation), and here, no appreciable mineralization of

MSTDWW was observed.
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Figure 3.37 Mineralization of MSTDWW in the presence of 40 mM K,S,Os during (a)

gamma radiolysis and (b) EB radiolysis.
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The MSTDWW solution was irradiated at different doses by electron beam (EB)
at pH 10 in the presence of 40 mM K,S,0g. The extent of mineralization of MSTDWW
increased with each dose by about 20% (Figure 3.37b). The high intensity electron
beam rapidly deposits energy to the aqueous solution and elevates the temperature of
the aqueous solution from ambient temperature /109, 110]. Therefore, it can be
speculated that the high yield of *OH and SO4°” (by the conjugated effects of radiolytic
and thermal decompositions) enhances the % mineralization of MSTDWW to about
34% and 96% at 11 kGy and 60 kGy doses, respectively. At 60 kGy, the COD of the
final solution was brought down to below 100 ppm, which is below the recommended

limit of discharge (<250 ppm).
3.4.7. Photocatalysis of MSTDWW

The photocatalysis of MSTDWW was carried out over different time intervals.
However, only 30% mineralization of MSTDWW was observed after 10 hours of
photocatalytic treatment (Figure 3.38a), and no appreciable change in the extent of
mineralization was observed over longer times. It could be noted that only 24%
mineralization of STDWW was observed under the same photocatalytic conditions
(Figure 3.31a). It is important to mention that the TiO, nanoparticles made very stable
suspensions with the aqueous solution of the individual components of MSTDWW.
However, TiO, nanoparticles settled down rapidly in MSTDWW. The reason is quite
similar as discussed in Section 3.4.1. Instead of molecular oxygen, 82082' can also take
the CB electron from TiO, nanoparticles, thereby producing SO,*” (Eq. 3.5)

S,05” +ecg = 2S04 (3.5)
Therefore, the effect of K,S,0g on the photocatalytic degradation of MSTDWW
was also investigated in the presence of 40 mM K,S,0s. The extent of mineralization

increased by about 10-12% during the photocatalysis of MSTDWW in the presence of
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K,S,05 (Figure 3.38b). The increase in the %mineralization of MSTDWW during the
photocatalysis in the presence of K,S;0Os is attributed to: (i) the decrease in the
probability of recombination of the photogenerated electrons and holes, and (ii) the
formed SO,°* having higher mineralization efficiency. However, the application of this
process is limited by the coulombic repulsion between the negatively charged surface
of TiO, (pHp,c = 6.0 £ 0.2) and S,05” (at pH 10) and the rapid settlement of the catalyst
in MSTDWW.

The photolysis (photochemical decomposition of K,S,0s in the absence of TiO,)
did not impart any enhancement in the extent of mineralization of MSTDWW (Figure
3.38¢). This is speculated by the lower yield of SO4°” from the photolysis of S,0s> with

about 350 nm UV light [111].

75-
(d)

% Mineralization

0 4 8 12
Duration (hr)

Figure 3.38 Mineralization of MSTDWW over different durations in: (a)
photocatalysis, (b) photocatalysis in the presence of 40 mM K>S;0s, (c) photolysis in
presence of 40 mM K>S,0s, (d) ozonolysis, and (e) ozonolysis in the presence of 40 mM

K>S:0%s.
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3.4.8. Ozonolysis of MSTDWW

The extent of mineralization of MSTDWW was studied at different durations of
ozonolysis at pH 10. About 30% and 60% extent of mineralization of MSTDWW was
achieved after 0.5 hours and 4 hours of ozonolysis, respectively. However, after 4
hours, no significant increase in the extent of mineralization was observed (Figure
3.38d). It should be noted that only 13% and 25% mineralization of STDWW was
observed under the same ozonolytic conditions (Figure 3.31b). The effect of K,S,05 on
the ozonolysis of MSTDWW was investigated in the presence of 40 mM K,S,04
(Figure 3.38e). The extent of mineralization decreased drastically in case of ozonolysis
in the presence of K,S,0s. The K»S,0z does not produce SO4° during ozonolysis (in
the absence of any radiation or thermal activation); instead, some of the *OH radicals
formed during ozonolysis will react with K,S,0g giving some products (Eq. 3.6) which
may not react with components of MSTDWW.

*OH + K;S,05 = Products (3.6)

Therefore, the extent of %mineralization decreased during ozonolysis in presence

Of KzSzOg.

3.4.9. Comparison of the process efficiencies of radiolysis, photocatalysis, and

ozonolysis for the mineralization of MSTDWW

3.4.9.1. In terms of the OCC

The OCC of radiolysis (gamma and electron beam) (Eq. 3.4), photocatalysis/
photolysis (Eq. 3.2) and ozonolysis (Eq. 3.3) were calculated to compare the process
efficiencies of different AOPs. It can be seen from Figure 3.39 that the lowest degree of
mineralization of MSTDWW (to an extent of 28%) was observed in the photocatalysis

and photolysis of K,S,0g. Thus OCC values and the cost of the energy source and other
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ancillary inputs of different AOPs were compared only for 28% mineralization of
MSTDWW. It could be noted that the OCCs of radiolysis, photocatalysis, ozonolysis,
and radiolysis (+K,S,0g) of STDWW could be calculated only for 16% mineralization,
which was the lowest observed degree of mineralization of STDWW (Figure 3.33). The
OCC values of photocatalysis, photocatalysis (+K,S,0g), photolysis in presence of
K;,S,0s, o0zonolysis, ozonolysis (+K,S,;05), and gamma (+K,S,;03) and EB (+K;,S,0s)
radiolysis for 28% mineralization were calculated to be 6.29, 2.46, 7.63, 9.29, 38.83,
0.08, and 0.04 kg equivalent O, m™, respectively. EB radiolysis in the presence of
K;S,05 showed a maximum chemical efficiency (about 96% mineralization) of the
oxidants at 0.3 kg equivalent of O, m™ OCC. About 78% mineralization was observed
in gamma radiolysis, and less than 10% mineralizations were observed for others at 0.3
kg equivalent of O, m™ OCC. It could be noted that 0.3 kg equivalent of O, m> OCC
could mineralize only 54% of STDWW by gamma radiolysis in the presence of K,S,0g
(Figure 3.33). Therefore, it could be safely concluded that the amount of oxidant
required achieving the same extent of mineralization of MSTDWW by EB radiolysis
was the least, compared to other processes studied here. Therefore, the OCC for a 28%
mineralization of MSTDWW follows the order: EB (+K,S,0g) radiolysis < gamma
(+K,S,05) radiolysis < photocatalysis (+K,S,0g) < photocatalysis = photolysis in
presence of K,S;03 < ozonolysis < ozonolysis (+K;S,0g). The mechanism of
enhancement in the extent of mineralization of STDWW (Section 3.4.4.), ibuprofen
(Section 4.2) during radiolysis in the presence of K,S,Og has been studied in details.
Since, only the nature of the pH adjusting acid changes, we speculate that the
mechanism of mineralization of the components of MSTDWW was quite similar to that

of STDWW.
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Figure 3.39 Mineralization of MSTDWW with OCC for (a) photocatalysis, (b)
photocatalysis in the presence of 40 mM K,S,O0s, (c) photolysis in presence of 40 mM
K>S8,0s, (d) ozonolysis, (e) ozonolysis in the presence of 40 mM K>S,0s, (f) gamma
radiolysis in the presence of 40 mM K,S,0s and (g) EB radiolysis in the presence of 40

mMKgSgog.
3.4.9.2. In terms of the cost of the energy source and other ancillary inputs

The efficiencies of EB (+K;S,05) and gamma (+K,S;0g) radiolysis,
photocatalysis (+K;S,0s), and ozonolysis were evaluated in terms of the cost of energy
and other ancillary inputs. The cost of the electrical energy required for EB (+K,S,0s)

radiolysis, photocatalysis (+K,S,0s), and ozonolysis can be calculated using Eq. 3.7.

EEC =P x L x 2%
60

(3.7)

v

where EEC (in kWh m™) is the electric energy consumed (in kWh) to degrade a
contaminant in unit volume (in m®), P is the rated power (in kW) of the AOP system, t

is the duration (in min) of treatment, and v is the volume (in L) of MSTDWW treated in
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time t. The duration of treatment for 28% mineralization of MSTDWW by EB
(+K;,S,05) radiolysis, photocatalysis (+K,S,0s), and ozonolysis were observed to be
0.6, 180, and 30 min, respectively. The cost of the electrical energy, along with the
ancillary chemicals (if any), for these AOPs are summarized in Table 3.6. Among these

processes, the costs involved in EB (+K;S,03) treatment were the lowest.

Table 3.6 Comparison of the cost of energy and ancillary chemicals for different AOPs.

. . Electron beam
Ozonolysis Photocatalysis (+K,S,0g) radiolysis

Power employed in the 0.08 0.128 1
process (kW)
Treatment time (min) 30 180 0.6
Volume of MSTDWW 0.04 0.26 1.9
treated (L)*
EEC (kWh m™) of 1000 1477 53
MSTDWW
Electrical energy cost 8500 12554 45
(INR m’) of
MSTDWW @INR 8.5
(kWh)™!

246000 3000 12975
Cost of additional (O, cylinder cost @ (TiO, cost @ INR 3 g) + (K5S,05 cost @ INR
chemicals or gas (INR INR 164 m™) 12975 12¢"
m”) of MSTDWW (K»S,05 cost @ INR 1.2 g™
Total cost m™ of 254500 28529 13020
MSTDWW

“ Guided by the maximum volume capacity of the instrument to treat the MSTDWW under the same
treatment condition.

In the gamma radiolysis of MSTDWW (which did not involve electrical energy),
the cost of the energy source could be estimated by accounting for five effective half-

lives of ’Co source using Eq. 3.8

CTP =1 XR X ‘ x —200 (3.8)

5X365X24Xt1  Vmax
2

where CTP (INR m™) is the average cost of the treatment process in Indian rupee

(INR), I is the initial activity in Curie (Ci) of the %9Co source, R is the price (in INR) of
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%Co source Ci™, t is the treatment time (in hours), t,» is the half-life (hour) of ®°Co, and
Vmax 18 the maximum volume capacity (in L) of the gamma chamber that can be treated
in time t. In our study, the initial activity of “°Co was 10000 Ci, involving a cost of INR
70 Ci', and volume of the gamma chamber was 5 L. Therefore, the cost for 28%
mineralization using gamma radiolysis was calculated as INR 7931 m™. The total cost
of gamma radiolysis (+K,S,0s) for the treatment of MSTDWW was found to be INR
20906 m™. This is the first approach to calculate the equivalent cost of gamma
radiolysis in comparison to other AOPs consuming electrical energy.

The above results showed that the cost involved in EB (+K,S,05s) treatment was
the lowest one among the studied AOPs for the mineralization of MSTDWW. 1t is
important to note that the AOPs are emerging technologies currently being
commercialized worldwide. A few UV/H,0,-based AOPs have been internationally
commercialized for the treatment of drinking water and industrial water, using the
advantage of both chemical and energy inputs /7/2-115]. There are few companies,
such as AST clean water technologies, China; Trojan Technologies, Canada; Calgon
Carbon Corporation and Xylem Global, US, who have brought some of the AOPs to
international markets. In parallel, the radiation technology is internationally emerging
for waste-water treatment [//6—118]. Radiation-based pilot sludge treatment plants
have been established in New Mexico, USA (Gamma); Weldel, Germany (EB);
Verginia Key, USA (EB); Takasaki, Japan (EB); Sao Paulo, Brazil (EB); Tucuman,
Argentina (Gamma); and Daejeon, Korea (EB) /116-118]. In addition, radiation-based
commercial sludge treatment plants have also been established in Vadodara, India
(Gamma), and Munich, Germany /116-118]. A pilot plant for treating 1000 m® day™ of
dyeing waste-water with EB has been constructed and operated since 1998 in Daegu,

Korea, together with a biological treatment facility /78, 79/. Therefore, we understand
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that the studies presented in this paper have a lot of scope to advance radiation-based
technologies for the treatment of textile effluents. Furthermore, the EB has the ability to
simultaneously disinfect the water during the degradation process [719]. At this stage,
the used EB (+K;,S,0s3) treatment process does not produce water suitable for reuse or
for drinking. Hence, a multi-step treatment system would need to be designed in the

near future.
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4.1. Radiolysis of aqueous solution of 4-Nitrtophenol

4.1.1. Structure of 4-Nitrophenol

The molecular structure of 4-Nitrophenol (4-NP) is shown in Figure 4.1la. A
Lewis acid-base equilibrium between 4-NP and 4-Nitrophenate anion (4-NPAT)

(Figure 4.1b) sets in the aqueous solution of 4-NP (Figure 4.1).

OH 0@ 0

-H'
—_— -
+H
® ® L@
N o _N ©
%,ﬂ’ X 0~ E{} o H‘“DE}
(2) (b)

Figure 4.1 Molecular structures of (a) 4-Nitrophenol and (b) 4-Nitrophenate anion.

Figure 4.2a(i) shows the UV-visible spectrum of 0.1 mM 4-NP at pH 4. It shows
two characteristics peak at 226 and 317 nm corresponding to the m-n  and n-m
transitions of 4-NP, respectively. The intensity of the peak at 317 nm decreased with
increasing pH of the solution. Further, a new peak at 400 nm appeared and its intensity
increased with increasing pH (Figure 4.2a). The absorbance peak at 400 nm
corresponds to the m-n" transition of the extended conjugation in 4-NPAT. The pK, of
4-NP is calculated from the point of intersection of the plots of absorbance (at (i) 317

and (i1) 400 nm) as a function of pH (Figure 4.2b).
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Figure 4.2 (a) UV-visible absorbance spectra of 0.1 mM 4-NP at pH (i) 4.0, (ii) 5.0,
(iii) 6.0, (iv) 6.5, (v) 7.0, (vi) 7.2, (vii) 7.4, (viii) 7.7, (ix) 8.0 and (x) 10.0. (b)

Absorbance maxima at (i) 317 nm and (ii) 400 nm as a function of pH.
4.1.2. Pulse radiolysis of 4-NP

Pulse radiolysis experiment was performed to understand the behaviour of the
transient species produced by the reactions of 4-NP with different radicals. 4-NP has
absorption up to 480 nm in pH range about 4-11. Therefore, the spectrum of the
transient was corrected from the parent absorption by Eq. 2.5. The reaction between
*OH and 4-NP was investigated by pulse radiolysis experiment employing 0.01
kGy/pulse in N,O saturated, 0.1 mM 4-NP solution (at pHs 5.2 and 9.2). Figure 4.3
shows the corrected spectra of the transients produced by the reaction between *OH and
4-NP at pH (a) 5.2 and (b) 9.2. A strong absorption peak at 290 nm was observed at pH
5.2 (Figure 4.3a). On the other hand, two absorption bands at 300 and 400 nm were
observed at pH 9.2 (Figure 4.3b). *OH is an electrophile. Hence it firstly forms a n-
complex with the aromatic ring of 4-NP (Figure 4.4). This n-complex is very unstable

and it readily disappears through three different paths. The =n-complex readily
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dehydrates to generate 4-nitrophenoxy radical (path (a) of Figure 4.4), which absorbs at
~400 nm [120]. This reaction is dominated in the alkaline solution. Therefore, the

intensity of the transient at 400 nm increased at pH 9.2 (Figure 4.3b).

e(X10°M*' cm™)

300 400 500 600 700 800
Wavelength (nm)

Figure 4.3 Spectra of the transients produced by the reaction between *OH and 4-NP

at pH (a) 5.2 and (b) 9.2.

Figure 4.4 The reactions between 4-NP and *OH.
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The transient peak at 289 nm represents the formation of HOC¢H4NO3®™ by reaction
path (b) in Figure 4.4 [121-123]. To a minor extent, *OH adds to the para-position of
phenolic group (Reaction (c¢) of Figure 4.4), which is followed by rapid elimination of
HNO,, generating semiquinone radical. This radical is inclined to be reduced to
generate p-benzoquinone or be oxidized to generate hydroquinone //21]. k, for the
reaction of *OH with 4-NP was determined in the presence of different concentrations
of 4-NP. The bimolecular rate constant of *OH with 4-NP was calculated as 4.1x10° M"
s (for pH 5.2) and 8.7x10° M™' s™" (for pH 9.2) from the slope of the plot of k, versus

concentrations of 4-NP.

The reaction between N3° and 4-NP was investigated by pulse radiolysis
experiment employing 0.01 kGy/pulse in N,O saturated 0.1 mM 4-NP solution (at pHs
5.2 and 9.2) containing 20 mM NaNs. Figure 4.5 shows the corrected spectra of the

transients produced by the reaction between N3* and 4-NP at pH (a) 5.2 and (b) 9.2.

1.6-
1.4
121
1.0-
0.8- % pH9.2
0. —O—pH 5.2

0.4 1
0.2 -
0.0 1

g(X10*M" cm™)

R S
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Wavelength (nm)

Figure 4.5 Spectra of the transients produced by the reaction between N;* and 4-NP at

pH (a) 5.2 and (b) 9.2.

126



Jhimli Paul Guin Chapter 4: 4-Nitrophenol & Ibuprofen

The broad peak at 315 nm represents the formation of semi-quinone radical anion at pH
5.2 (Figure 4.5a) [124]. On the other hand, the additional bands at 400 nm observed at
pH 9.2 (Figure 4.5b) represents the 4-nitrophenoxy radical. . The bimolecular rate

constant of N3* with 4-NP was calculated as 6.5x10° M s™ (for pH 9.2).

The reaction between e, and 4-NP was investigated by pulse radiolysis
experiment employing 0.01 kGy/pulse in N, saturated 0.1 mM 4-NP solution (at pHs
5.2 and 9.2). Figure 4.6 shows the corrected spectra of the transients produced by the
reaction between e’,q and 4-NP at pH (a) 5.2 and (b) 9.2. A strong absorption peak at
314 nm was observed at pH 5.2 (Figure 4.6a). The absorption band shifted to longer

wavelength (400 nm) at pH 9.2 (Figure 4.6b).
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Figure 4.6 Spectra of the transients produced by the reaction between € ., and 4-NP at

pH (a) 5.2 and (b) 9.2.

The transient peak at 314 nm corresponds to the transient HOC¢H;NO,* (Figure
4.7a). Further, the absorption at 400 nm in alkaline solution represents the transient
"OC¢H4NO,*" (Figure 4.7b). The bimolecular rate constant of the reaction between €4

and 4-NP was calculated as 2.8x10' and 2.0x10" M s at pH 5.2 and 9.2,
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respectively. The coulombic repulsion between e’5q and "OC¢H4NO,*" decreases the

value of the rate constant at pH 9.2.
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Figure 4.7 The reaction between e ., and 4-NP at pH (a) 5.2 and (b) 9.2.

The reaction between 4-NP and 2-hydroxypropyl radicals was studied by pulse
radiolysis experiment employing 0.01 kGy/pulse in N,O saturated 0.5 mM 4-NP
solution (at pHs 5.2) containing 0.5 M 2-propoanol. The corrected absorption spectrum
of the transient species showed similar features as the spectrum shown in Figure 4.6a.
Therefore, it can be concluded that 2-hydroxy propyl radical quantitatively transfers

electron to 4-NP. The bimolecular rate constant is calculated as 1.3x10° M s™'.

Methyl viologen (MV2+) is well-known oxidant having An.x at 605 nm (g =
12,800 M cm™). The standard reduction potential (Eg) of MV*/ MV™" is -0.45 V vs.
NHE. Therefore, the reductant nature of HOCsH4;NO,*" was checked by its electron
transfer reaction to MV>". The transient species, HOCsH4NO,*", formed during pulse
radiolysis of N saturated 0.1 mM 4-NP solution (pH 5.2) containing 0.5 M ‘BuOH and
28 uM MV?*" decayed with time confirming the reduction of MV>" by HOCsH,NO,"" as

per Eq. 4.1.
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HOC¢H4NO,* + MV*" 2> HOCGH4NO, + MV* 4.1)

The bimolecular rate constant was calculated as 5.3x10° M s™'. Hence the reduction

potential of HOC¢H4NO,*" is more negative than -0.45 V vs. NHE.
4.1.3. Steady state gamma radiolysis of 4-NP

The steady state degradation of aqueous solution of 4-NP was studied by
monitoring the absorbance of 0.1 mM 4-NP solution at 317 nm under different
irradiation conditions (Figure 4.8). About 84%, 97.6%, 98.5%, 99.5% and 100%
decolouration at 317 nm of 4-NP was observed after radiolysis at 4.4 kGy dose in (i)
N,, (ii) air, (iii) O, (iv) N,O and (v) (1:1) N,O:0, purged solution (Figure 4.8). *OH
and e’,q are the predominant radicals in N, saturated solution. It showed least %
decolouration among the studied systems. The % decolouration increased in air and
oxygen saturated solution. The concentration of dissolved oxygen in air and oxygen
saturated solutions are 0.24 and 1.2 mM, respectively. Therefore, it can be concluded
that dissolved oxygen may be used during radiolysis in the degradation steps of 4-NP.
Although the rate of % decolouration is slower at the initial stage, the % decolouration
of 4-NP increased in N, purged solution containing ‘Bu-OH. This is attributed to the
slow generation of the reduced product (HOC¢H;NO,*), which is further effectively
fragmented. The % decolouration slightly increased in N,O saturated solution due to
the oxidative degradation of 4-NP by *OH. The OH-adduct formed by the reaction
between *OH and 4-NP is more prone to degrade in presence of dissolved oxygen.
Therefore, maximum (~ 100%) decolouration was observed for the radiolysis of 4-NP

in (1:1) N,O:O, purged solution.
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Figure 4.8 % decolouration at 317 nm of 4-NP as a function of dose in 0.1 mM 4-NP

solution purged with (i) N, (ii) air, (iii) O, (iv) N2O and (v) (1:1) N,O:O..
4.2. Radiolysis of aqueous solution of Ibuprofen (IBP)

4.2.1. The variation of COD and TOC on gamma irradiation of aqueous IBP solution

Steady state gamma radiolysis of 1 mM aqueous solution of IBP was carried out
at pH 7 for different absorbed doses. The (a) % COD removal and (b) % TOC removal
of aqueous IBP solution as a function of absorbed doses is shown in Figure 4.9. Both
the mineralization parameters increased with increasing the dose. For the same does,
the extent of % COD removal is more compared to the extent of % TOC removal as
similarly observed for the mineralization of RR-120 (Section 3.1.5). To the extent of
20% and 14% removal of COD and TOC were observed at 50 kGy and no further
significant change in % COD removal or % TOC removal was observed at doses higher
than 50 kGy. Therefore, *OH, the predominant oxidizing radical present in the reaction
condition, can not alone effectively mineralize aqueous IBP solution. Hence an
alternative AOP was investigated to increase the radiolytic mineralization efficacy of

IBP.
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Steady state gamma radiolysis of 1 mM aqueous solution of IBP was carried out
at pH 7 for different absorbed doses in the presence of 20 mM K,S,0s. About (c) 84%
and (d) 82% removals of COD and TOC were observed in presence of K,S,0g at 50
kGy dose, respectively (Figure 4.9). During the radiolysis of aqueous IBP solution in
presence of K,S,0Os, the e,q and *H react with 82082' in accordance with well
established reactions (Eq. 1.34) producing SO4*". Thus in the presence of K»S,0s, both

*OH and SO4*" are available to oxidize IBP.
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Figure 4.9 (a, b) % COD removal and (c, d) % TOC removal in the absence (a, c) and
in the presence (b, d) of K>S,Os during gamma radiolysis of IBP as a function of

absorbed dose.

Table 4.1 shows that the ratio of % COD removal of IBP in the presence and in
the absence of K,S,0s. It indicates that although in presence of K;S,0s, the yield of
oxidizing radicals increased by 2.2 times, the extent of mineralization was enhanced by
more than 2.2 times. Therefore, it can be envisaged that the generated SO,* reacts

efficiently with IBP leading to the higher extent of mineralization. In this context, it
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should be mentioned that K,S,0Oys itself may oxidize the organic pollutants. Therefore,
the extent of mineralization of 1 mM aqueous solution of IBP in the presence of 20 mM
K,S,05 was studied at room temperature for several hours without any irradiation.
Under such condition no significant mineralization of IBP was observed. Therefore,

K5S,054 could not oxidize IBP in absence of irradiation.

Table 4.1 A comparative study of IBP mineralization during gamma radiolysis in the

absence and the presence of K,S,0s.

Dose (kGy) % decrease in COD in % decrease in COD in Ratio
absence of K,S,04 presence of K,S,04 (B/A)
(A +0) (B +o0)

10 9.2+0.5 23.0+£0.2 2.5

20 18.0+0.2 50.0+0.2 2.8

30 19.6 £0.1 70.5+0.1 3.6

50 21.0+£0.2 84.0+0.1 4.0

60 21.5+0.3 86.5+0.2 4.0

80 23.0+0.1 97.0+0.1 4.2

The IBP solutions were irradiated, both in the presence and absence of K,S,0s,
in an open condition at low dose rate and thus the partial replenishment of dissolved
oxygen (DO) would always be in solution. The DO concentration, immediately after
irradiation at 50 kGy, was calculated as about 2 ppm for both the solutions. Therefore,

the DO concentration is not expected to affect the comparative mineralization of IBP.

4.2.2. Pulse radiolysis of IBP in the presence of radiolytically generated oxidizing

species

The reaction between IBP and *OH was investigated by pulse radiolysis
technique equipped with optical detection measurement. The reaction of IBP with *OH

was studied in N,O saturated 0.5 mM aqueous IBP solution at pH 7 by employing 14
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Gy/pulse. Under this experimental condition e,q is converted to “OH by N,O by
following the reaction (1.29). The change in absorbance per unit G value (AOD/G) of
the transient species formed by the reaction of IBP with *OH at 2 us time scale is
shown in Figure 4.10a(i), where G(*OH) = 5.4. The spectrum (Figure 4.10a(i)) shows
strong characteristic absorptions at 270, 315 and 330 nm as similarly reported in the
literature /102,103, 125]. In this context, it is important to mention that IBP itself has
ground level absorption in 250-280 nm range; therefore, observed spectrum was
corrected for parent absorption using Eq. (2.5). The corrected absorption spectrum of
the transient is shown in Figure 4.10b(i), which clearly shows transient species also, has

substantial absorption in the region from 250-280 nm.

The reaction of IBP with SO4* was studied in N purged 0.5 mM aqueous IBP
solution containing 20 mM K,S,05 and 0.5 M ‘Bu-OH by employing 14 Gy / pulse at
pH 7. *OH is scavenged by '‘Bu-OH in accordance with reaction (1.35). The
bimolecular rate constant for the reaction of SO,* with IBP was calculated as 3.8x10°
M™' s from the decay of SO,* at 450 nm at pH 7. AOD/G of the transient species
formed by the reaction of IBP with SO4* at 2 us time scale is shown in Figure
4.10a(ii),where G(SO,*) = 2.7. The transient species formed by the reaction of IBP
with SO,° also showed absorption maxima at 270, 310-320 nm as similarly observed
for the reaction of IBP with *OH. However, the intensity of the peak at 270 nm
increased by about 4 times for the reaction with SO4*", whereas, simultaneously the
intensity of the broad peaks at 310-320 nm decreased significantly. The observed
spectrum was corrected for ground state absorption of solute (as discussed earlier) and

the corrected absorption spectrum of the species is given in Figure 4.10b(ii).
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Figure 4.10 (a) AOD/G plot and (b) corrected absorption spectra of the transient

absorption spectra for reaction of IBP with (i) “OH, (ii) SO, (iii) O° at 14 Gy/pulse.

The reaction of IBP with O°®" was studied in N,O saturated 0.5 mM aqueous IBP
solution at pH 13.5 by employing 14 Gy / pulse. *OH is rapidly converted in strong
alkaline solution to its conjugate base O° in accordance with reaction (1.23). The
AOD/G of the transient species formed by the reaction of IBP with O at 2 ps time
scale is shown in Figure 4.10a(iii), where G(O*") = 5.4. It also shows a peak at 275 nm
with intensity lesser than peak observed for SO4° reaction, but higher than the peak

observed for *OH reaction. However, no prominent peak was observed at 310-320 nm.

The overall results suggest that the radiolytic yield of each transients having
characteristic peak depends on the type of radicals and solution composition. In this
context, it is important to mention that the nature and the mechanism of formation of
these transients are debatable. In a similar pulse radiolysis experiment of IBP with *OH
at pH 4.4, Illes et al. have observed higher intensity of the peak at 330 nm compared to
the peak at about 280 nm and the authors assumed, on the basis of low intensity of

absorbance, that the absorption around 285 nm corresponds to the hydroxyl-
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cyclohexadienyl radical [725]. On the other hand, in pulse radiolyis of p-
cumenesulfonate (a similar type of aryl structure) with *OH radical at pH 6.5, Osiewala
et al. have observed higher intensity of the peak at 280 nm compared to the peak at 330
nm [/02]. They have also confirmed that the peak around at 270-290 nm attributed to
the benzyl type radical and broad peak at 300-350 nm corresponds to the formation of
OH-adduct with the benzene ring. In our pulse radiolysis experiment for the reaction of
IBP with *OH at pH 7, we have observed almost comparable intensities of the transient
peaks at 270 nm and 315 nm. Therefore, we have studied the change in the transient
peak intensities at 270, 315 and 330 nm by pulse radiolysis of IBP with *OH as a
function of pH ranging from 4.4 to 9 (Figure 4.11). At pH 4.4, the intensity of the peak
at 270 nm is lesser than the intensity of the peak at 315 nm. The intensity of the 270 nm
peak increased, but 315 nm decreased with increasing pH and the intensities of both the
peaks became almost comparable at pH 7. At pH > 7, the intensity of the peak at 270
nm became higher than the intensity of the peak at 315 nm. The peak intensity at 330
nm gradually decreased with increasing pH. At this point, it can be assumed that *OH
radical first conjugates with the benzene ring of IBP forming the OH-adduct, which
reacts with the water molecules leading to the formation of the benzene radical cation
(Figure 4.12a). The benzene radical cation is unstable (life time < 0.1 ps) and it forms a
benzyl type radical by dissociation of the weak benzylic C,-hydrogen /703]. Both the
intermediates viz. OH-adduct and benzyl type radicals are observed for the reaction of
*OH. The dissociation of the weak benzylic C,-hydrogen is pH dependent and it
increases at higher pH. Apart from this above phenomenon, direct H-atom abstraction

may also take place from the alkyl chain of IBP by *OH [125].
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Figure 4.11 Variation in the transient peak intensities at (i) 270, (ii) 315 and (iii) 330

nm, as a function of pH, by the reaction between IBP and *OH.
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Figure 4.12 Reaction scheme of IBP with (a) *OH and (b) SO,*".
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Figure 4.13 shows the formation traces of the transients having absorption peaks
at 270 and 315 nm produced from the reactions of IBP with *OH and SO,*" at pH 7.
The yield of the transients (having absorption peaks at 270 and 315 nm) is almost same
for the reaction of *OH with IBP; whereas the yield of the transient (absorbing at 270
nm) is much higher compared to the yield of the transient (absorbing at 315 nm) for the
reaction of SO4°” with IBP. This may be attributed to the direct formation of the
benzene radical cation followed by the benzyl type radical (Figure 4.12b). That is why,
the intensity of the peak corresponding to the benzylic radical (absorbing at 270 nm)
increased significantly for the reaction of IBP with SO4°*". However, the formation of
OH-adduct (absorbing at 310-320 nm) can not be completely prevented because of
incomplete scavenging of *OH /[7/03]. Figure 4.13a shows the decay profiles of the
transients (absorbing at 315 nm) produced from the reaction of IBP with *OH and
SO,*". The slopes of the decay traces are almost similar for both the reactions. On the
contrary, the rate of decay of the transient (absorbing at 270 nm) is much higher for the
reaction of SO4°” in comparison to the rate of decay of the transient (absorbing also at

270 nm) for the reaction of *OH (Figure 4.13b).

O°® is a nucleophilic species. Therefore, it can not form adduct with the benzene
ring, rather it is known to react via one electron oxidation producing benzene radical
cation followed by benzyl type radicals by the dissociation of C,-hydrogen (Figure
4.10a(iii)) /106]. Therefore, O* showed AOD/G feature similar to that of the reaction

of SO4._.

Figure 4.14a shows the decay of transient species (absorbing at 270 nm) in the
presence of O, and it suggests that the reaction between IBP and SO4°" produced
carbon centered radical i.e. most likely benzyl type radicals. Figure 4.14b shows the

decay of the transient at 270 nm at different concentration of K,S,0Og and no significant
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change was observed in the transient decay with increasing the concentration of
K5S,04. The rate constant of the reaction of K;S,0g with IBP radical was estimated <
10° Mt s, Therefore, the reaction between K,S,0g and IBP radical could not be
investigated under pulse radiolysis condition. However, during the gamma radiolysis,
the reactivity of IBP radical would be expected to be more for the reaction with

K;,S,05. Therefore, K,S,0g can oxidize IBP radical under gamma radiolysis.

(ii)

50 100 150 200 250 "0 50 100 150 200 250
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Figure 4.13 Decay profiles of the transients absorbing at (a) 315 and (b) 270 nm for

the reaction of IBP with (i) *OH and (ii) SO,"".
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Figure 4.14 Decay profiles of the transients absorbing at 270 nm for the reaction of
IBP with SO,* in (a) absence (i) and presence (ii) of O, and (b) at different

concentrations of K»S:0s.
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4.2.3. Gamma radiolysis studies of IBP in presence of radiolytically generated

oxidizing species

Section 4.2.2 describes the pulse radiolysis studies of IBP in the presence and in
the absence of K,S,0s and it shows the production of benzyl and cyclohexadienyl type
of radical having absorption at 270 and 315, 330 nm, respectively. Further gamma
radiolysis of IBP under similar conditions produces stable intermediate products having
absorption at 260 nm. In order to study the rate of product formation, the relative
absorbance of the products with reference to the parent absorption (AA) were plotted as
a function of dose both in the absence and in the presence of K,S,03 (Figure 4.15a and
b). Figure 4.15a shows that AA increases with dose up to 5.8 kGy followed by a slow
decrease in AA with further increasing dose. On the contrary, Figure 4.15b shows an
increase in AA values only up to 1.4 kGy and then it decreases rapidly at higher doses.
It suggests that low doses are required for the fragmentation of the intermediate
products formed during the radiolysis of IBP in the presence of K,S,03 as compared to
fragmentation in the absence of K,S,0s. Figure 4.15¢ shows the relative absorbance of
the intermediate products with reference to the parent absorption per unit yield of the
oxidant ((AA)/G of oxidant) both in the absence and in the presence of K,S,0s. Here
we should mention that the yields of oxidant were taken as 2.7 (G(*OH)) in the absence
of K»S,05 and 6 (G(*OH) + G(SO4*)) in the presence of K,S,0g. Though the presence
of K,S,;03 increases the yield of the oxidizing radicals by a factor of 2.2, but the
(AA)/G value at 260 nm was significantly changed to about 5 times at each dose in the
presence of K,S,0gs. Therefore, it suggests that, while reacting with IBP, SO4;*
produces major intermediates which get further fragmented. Therefore, SO,°" is a better

mineralizing agent for IBP compared to *OH radical at pH 7.
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Figure 4.15 The relative absorbance, with reference to the parent absorption (44), of
the products formed by steady state gamma radiolysis of IBP as a function of dose in
(a) absence and (b) presence of K»S:0s, (c) relative absorbance of the intermediate
products with reference to the parent absorption per unit yield of the oxidant ((44)/G
of oxidant) at selected doses in the absence (dotted lines) and the presence (solid lines)

0fK2S208.
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Summary

The work reported in this thesis describes the results of interaction of high energy
radiation with organic pollutants present in waste water. Various findings of the work
indicate that radiation technology can be successfully used for degradation of organic
pollutants such as RR-120 dye, ibuprofen and 4-nitrophenol present in waste water to
safe level. It has been observed that only irradiation may not lead to an adoptable
approach for overcoming the pollutant concentration in the waste water. To have a
viable solution, radiation technology along with biological treatment was studied.
Various experiments were conducted using chemical methods and instrumental
techniques like HPLC, GC-MS, FTIR and ESI-MS to investigate the mechanism of
degradation and efficiencies of the various applied methods for degradation of
pollutants present in waste water. It was observed that biodegradability of the textile
dye solution increased after irradiation pretreatment. This was attributed to improved
efficacy of biological medium on radiation fragmented textiles dyes evidenced by
enzymatic activity studies using laccase, azoreductase and tyrosinase. The results
demonstrate that irradiating the RR-120 solution with a lower dose (< 1 kGy) and then
microbial treatment of the irradiated solution with Pseudomonas sp. SUK1 under static
condition increased the overall decolouration and degradation of RR-120 dye solution
which can meet the discharge limits. The conducted toxicity tests on plant seed
(Phaseolus mungo) using irradiated and biologically treated water samples did not alter
seed germination property. Highly coloured or turbid effluents could also be treated

with radiation technology with respect to the other advanced oxidation processes.
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Irradiation of aromatic organic pollutants in the presence of K,S,0s and H,SO4
was found to be more effective in achieving the discharge limits of the effluents at
lower radiation dose. During the radiolysis of water in presence of K,S;0s, SOy~
radicals are produced in situ. The SO, radicals degrade the aromatic organic pollutants
molecules via benzyl type of radicals which are generated on irradiation of the solution
containing persulfate. This was evidenced by carrying out extensive studies using pulse
radiolysis experiments under various radiolytic conditions. The same methodology also
help in efficient degradation of ibuprofen and Nitro phenol in waste water using

radiation technology.

The effluents do not contain only principal ingredients but also laden with various
other additives contributing to high COD, BOD values. For the mineralization of the
simulated textile effluent treatment, the equivalent oxidation capacity of radiation
technology was compared with other advanced oxidation processes such as photolysis,
photocatalysis and ozonolysis. The best oxidation efficiency was found for the electron
beam irradiation process in the presence of K,S,0Og compared to the other AOPs. The
study infers that radiation technology can be successfully employed to degrade RR-120,
IBP and 4-NP in waste water to achieve discharge limits in an effective, economic and

scalable method.
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