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Advanced Oxidation Process (AOP) is one of the most effective 

emerging methods for the treatment of wastewater containing chemical 

and bacterial pollutants. The method involves the formation and 

interaction of highly reactive hydroxyl radicals under suitable activation 

conditions. The sources of activation include UV/VIS light, ultrasound, 

microwave, electricity, gamma radiation, Fenton process etc and their 

possible combinations.  

The current study involves investigations on the potential application 

of UV/Vis light, ultrasound (US), electrical energy, Fenton process and 

their combinations for the irreversible removal of various chemical 

pollutants in water with special focus on the recalcitrant dye pollutant 

Indigo Carmine (IC).  

Solar photocatalysis mediated by ZnO is an efficient AOP for the 

mineralization of IC in water and the process is facilitated in the presence of 

H2O2 oxidant. The process follows pseudo first order kinetics and Langmuir-

Hinshelwood mechanism. Salts/anions naturally present in water influence 

the rate of degradation in different ways depending on their relative 

concentration in the system. Both dissolved and adsorbed oxygen get 

photochemically transformed into reactive radicals which interact with the 

pollutant resulting in ultimate mineralization. Sonolysis by using ultrasound 

as the source of activation also leads to the degradation of IC in water, 

though at much slower rate compared to photolysis or photocatalysis.  

In the electrolytic method, various electrode-electrolyte combinations 

were tested for its efficacy in wastewater treatment. An important 

observation is that all systems which are efficient for the decolorization/ 

degradation of the dye need not necessarily be equally efficient for the 



mineralization. After testing a number of systems, BiO2-TiO2/Ti – SS – 

NaCl and BiO2-TiO2/Ti - graphite - Na2SO4 are identified as the most 

efficient for the decolorization and mineralization respectively. The slow 

mineralization in NaCl electrolyte is due to the formation of recalcitrant 

chloro intermediates.  

Extensive investigations on the classic Fenton as well as solar, sono 

and electroFenton processes showed that solar photocatalyticFenton is the 

most efficient process for the mineralization of a variety of chemical 

pollutants. The efficacy and viability of this technique is further illustrated 

using natural river water with all its contaminants as the matrix. Comparative 

efficiency of various process tested here is summarized as follows; 

Decolorization: Solar photoFenton > Solar photocatalyticFenton ≈ 

SonoFenton ≈ ElectroFenton > Photocatalysis ≈ Sonocatalysis > 

Sonolysis > Fenton ≈ Electrolysis > SonocatalyticFenton. 

Mineralization: Solar photocatalyticFenton > Solar photoFenton ≈ 

SonoFenton ≈ ElectroFenton > Photocatalysis > Sonocatalysis > 

Sonolysis > Fenton > Electrolysis > Sonocatalytic Fenton. 

The current study demonstrates that Solar photocatalyticFenton 

process using relatively harmless chemicals Fe2+ and H2O2 as reactants, 

sunlight as the source of energy and ZnO as catalyst is a potentially viable 

“green technology” for the decontamination of water from a wide variety 

of chemical pollutants.  

Certain chemical reactions, equations and other salient points 

which are crucial in explaining the results convincingly are repeated in 

different Chapters as deemed appropriate. In such cases of repetition, the 

equations/reactions are given new serial numbers for ease of reference. 



The Thesis is presented in 8 Chapters and related Annexures as follows: 

Chapter 1:  Introduction 

Chapter 2:  Objectives of the study, Materials used, General procedures 

Plan of the thesis 

Chapter 3: Solar photocatalysis mediated by ZnO for the decontamination 

of water from Indigo Carmine dye pollutant. 

Chapter 4:  Electrochemical AOPs for the decontamination of water 

from Indigo Carmine dye pollutant.  

Chapter 5:  Ultrasound as a source of activation in AOPs for the 

decontamination of water from Indigo Carmine dye pollutant. 

Chapter 6:  Fenton and Fenton based hybrid AOPs for the decontamination 

of water from Indigo Carmine dye pollutant. 

Chapter 7:  Solar photocatalyticFenton process as a highly efficient 

AOP for the mineralization of multiple chemical pollutants 

in water. 

Chapter 8:  Summary and Conclusion 

Annexures: 

Annexure I    List of Abbreviations 

Annexure II List of Publications  

Annexure III Reprints of Papers Published  

Annexure IV Copy of the certificate awarded for “Best Poster Presentation” 
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1.1 General 

Water is essential for the existence of life on earth. More than 70% of 

the earth is covered with water. Water flows everywhere on the earth and is 

like the blood flowing in the human body. Most part of the human body is 

filled with water and it can be termed the elixir of life. The sustainability of 

every form of life on earth depends upon the availability of fresh water.  

Pure water has no smell, taste, or color. There is plenty of water 

everywhere on the earth but there is scarcity of water in some cities and 

dry lands. Human beings can survive a few months without food but they 

can survive only for a day or two without water. Few desert animals can 

get enough water from their food, but all others must drink water for their 

survival. Therefore the presence of pure water is inevitable for our life. 

Water is known as the ‘universal solvent’ because it can dissolve 

something of everything. Therefore there is high chance for the water to 

get polluted from anywhere and everywhere. 
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Water pollution is the contamination of water and water bodies 

including lakes, rivers, oceans and ground water. Water pollution occurs 

when pollutants are present in water due to natural means or by human 

activities. These polluting compounds are dangerous to plants and 

organisms living in these water bodies. Sometimes the toxicity affects 

individual species and populations while in other cases it affects the entire 

biodiversity. Contaminating materials such as chemical compounds 

including aromatics, halo aromatics, aliphatics, dyes, dioxin and other 

polluting materials are present in the waste effluent from petrochemical, 

pharmaceutical, textile, agricultural, food and other industries. Most of 

these compounds are highly toxic and the waste effluent must be treated 

properly prior to discharge into the water bodies.  

1.2  Dyes and their intermediates as water pollutants 

Colors and colored materials have become unavoidable ingredients 

of modern life. The colors in the form of dyes are used in textiles, food 

and many other industries.  Excessive use of various types of dyes in the 

textile industry has resulted in severe surface water contamination 

through toxic and colored effluents. These are resistant to biological 

destruction. The textile industry alone uses 10,000 different dyes and 

colored compounds. The total quantity of dyes used in different segments 

of industry will be of the order of millions of metric tons. Many of these 

dyes are toxic and hazardous.  

Textile dyes and dye intermediates with high aromaticity and low 

biodegradability have emerged as major environmental pollutants [1, 2]. 

Considerable amount of water is used for dyeing and finishing of fabrics 
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in the textile industry. Nearly 10-15% of the dye is lost in the dyeing 

process and is released through the wastewater which is an important 

cause of environmental contamination.  

The wastewater from textile mills causes serious impact on natural 

water bodies and land in the surrounding area. High values of COD and 

BOD, presence of particulate matter and sediments, inherently colored 

dyes leading to turbidity etc. in water, cause depletion of dissolved 

oxygen which has an adverse effect on the aqueous ecological system. 

Dyes are highly persistent in natural environments because they are 

chemically and photolytically stable.  Improper handling of hazardous 

chemicals in textile water also has some serious impact on the health and 

safety of human beings. Some of the adverse health effects include 

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

 Major difficulty in treating wastewater containing dyes is the 

ineffectiveness of biological processes. Physical processes such as 

adsorption and coagulation transfer the pollutants from one medium to 

another which causes secondary pollution. Traditional waste treatment 

systems involve the use of techniques such as coagulation, chorination or 

ozonation which utilize potentially hazardous or polluting materials. 

Chlorination presents a particular problem since it will often generate 

trihalomethanes as by-proucts when used to treat water contaminated with 

organic compounds. Many of the conventional methods used for the 

treatment of wastewater containing wide variety of toxic contaminants are 

inadequate and unacceptable. Hence, an effective treatment system which 

can degrade the polluting materials prior to discharge of the effluent is 
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required. Some of the recently developed treatment techniques such as 

Advanced Oxidation Processes (AOPs) are promising in this respect. 

1.3  Advanced Oxidation Processes (AOPs) 

Advanced Oxidation Processes are chemical treatment processes 

which can destroy organic and inorganic contaminants present in water 

and wastewater through oxidation using insitu formed highly reactive 

hydroxyl radicals (•OH). These reactive species are the strongest oxidants 

that can be applied in water and can oxidize almost any compound present in 

the water matrix.  The •OH reacts nonselectively with organic contaminants 

and fragments them quickly and efficiently into small inorganic molecules. 

Schematic presentation of typical AOP is shown in figure 1.1.  

 

Fig. 1.1: Schematic representation of Advanced Oxidation Processes 

 

Hydroxyl radicals are produced with the help of one or more 

primary oxidants (e.g. ozone, hydrogen peroxide, oxygen) or energy 

sources (e.g. ultraviolet light, ultrasound etc.) and catalysts (e.g. titanium 



Introduction  

5 

dioxide, zinc oxide). Precise, pre-programmed dosages, sequences and 

combinations of these reagents are applied in order to obtain maximum 
•OH yield. The characteristics of hydroxyl radicals are shown in figure 1.2. 

 

Fig. 1.2: Diagrammatic representation of the 
characteristics of hydroxyl radical 

 

It is clear that when applied in a well organized manner, AOPs can 

alleviate the concentration of pollutants from a bulk amount to nanoscale and 

thus bring down the TOC and COD values. The AOP technique can be used 

for cleaning biologically hazardous or non-degradable materials such 

as aromatics,  petroleum constituents and volatile organic compounds present 

 in wastewater [3,5]. Due to these reasons, AOPs earned the compliment as 

“water treatment processes of the 21st century” [6]. 

In addition, AOPs have the extra benefit that they can be used for 

tertiary treatment. Tertiary treatment is the one which is used to treat 
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effluent of secondary treated wastewater. The pollutant materials present 

in wastewater in traces after secondary treatment are transformed into 

stable inorganic compounds including water, carbon dioxide and salts. 

This process is termed as mineralization. The benefit of using AOP 

techniques for wastewater treatment is that it can be used for the total 

destruction of chemical compounds and the toxicity can be eliminated to a 

great extent. The treated wastewater can be discharged into the receiving 

water bodies or it can be reused for irrigation, cleaning etc. AOPs still 

have not been put into use on a large scale (especially in developing 

countries) even today mostly because of the relatively high costs. 

Nevertheless, its high oxidative capability and efficiency make AOP a 

popular technique in tertiary treatment in which the most recalcitrant 

organic and inorganic contaminants are to be eliminated. The increasing 

interest in water reuse and more stringent regulations regarding water 

pollution are currently accelerating the implementation of AOPs in full-

scale. 

The chemistry of AOPs could be essentially divided into three 

parts: [7] 

1) Formation of •OH; 

2) Initial attacks on target molecules by •OH and their breakdown 

to fragments; 

3) Subsequent attacks by •OH until ultimate mineralization. 

Advanced oxidation process can be generally classified into 

heterogeneous and homogeneous depending on the physical composition 
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of the reaction system. These may be further classified based on the 

reaction conditions. The classification is shown in figure 1.3. 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

Fig. 1.3: Different types of AOPs [8] 

 

1.3.1 Homogeneous AOP 

Homogeneous AOPs using ultraviolet (UV) radiation are generally 

employed for the degradation of compounds that absorb UV radiation. 

Processes based on this include UV/Photolysis, UV/H2O2, O3/UV, Photo 

Fenton, etc. Other sources of radiation such as ultrasound (US), electrical 
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energy, microwave (MW), etc. are also being investigated. Instances of 

‘no irradiation’ with H2O2, O3, homogeneous catalysts, etc. as the initiator 

have also been reported. 

1.3.2 Heterogeneous AOP 

Heterogeneous AOPs generally use catalysts to enhance the 

degradation of compounds. The term heterogeneous refers to the fact that 

the contaminants are present in the aqueous phase, while the catalyst is in 

the solid phase. The catalyst accelerates the chemical reaction through a 

process involving the formation of electron-hole pairs on irradiation with 

an appropriate energy source. The AOP-generated holes and electrons 

lead to oxidation and reduction processes respectively. 

1.3.3 General mechanism of AOP 

Oxidation is a process by which one or more electrons from an 

electron donor (reductant) is transferred to an electron acceptor (oxidant), 

which has a higher affinity for electron. As a result of this, chemical 

transformation takes place in both the oxidant and reductant. 

In some cases, odd electron species known as radicals are produced 

during this process which are unstable and highly reactive. Oxidation 

reactions that produce radicals tend to be followed by additional oxidation 

reactions between the radical oxidants and other reactants (both organic 

and inorganic) until thermodynamically stable oxidation products are 

formed. The ability of the oxidant to initiate chemical reactions is 

measured in terms of its oxidation potential. The oxidation potentials of 

some of the common oxidizer species are given in table 1.1. 
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General mechanism of AOP involves generation of highly reactive free 

radicals viz. hydroxyl radicals (•OH), which are very effective in destroying 

organic chemicals. They are reactive electrophiles (electron preferring) that 

react rapidly and non-selectively with nearly all electron-rich organic 

compounds. They have an oxidation potential of 2.8 eV and exhibit faster 

rates of oxidation reactions compared to conventional oxidants such as H2O2 

and KMnO4. Once generated, the hydroxyl radicals can attack organic 

chemicals by radical addition, hydrogen abstraction and electron transfer. 

Table 1.1: Oxidation potential of common oxidizers 

Sl. No. Oxidation species Oxidation potential (eV) 

1 Fluorine 3.06 

2 Hydroxyl radical 2.80 

3 Sulphate radical 2.60 

4 Atomic oxygen 2.42 

5 Nascent oxygen 2.42 

6 Ozone 2.07 

7 Persulphate 2.01 

8 Hydrogen peroxide 1.77 

9 Perhydroxyl radical 1.70 

10 Permanganate 1.68 

11 Hypobromous acid 1.59 

12 Hypochlorous acid 1.49 

13 Hypochlorite 1.49 

14 Hypoiodous acid 1.45 

15 Chlorine 1.36 

16 Chlorine dioxide 1.27 

17 Oxygen (molecular) 1.23 

18 Bromine 1.09 

19 Iodine 0.54 
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In the following reactions, R represents the reacting organic compound.  

R + •OH → ROH :  Addition  ...... (1.1)  

R + •OH → R• + H2O :  Abstraction  ...... (1.2)  

R + •OH →  R+ + OH- :  Electron transfer  ...... (1.3) 

In view of the importance of the role played by •OH radicals in AOP, 

the process is classified as photochemical and non-photochemical, 

depending on the mode of generation of the radical.  Some of the common 

photochemical and nonphotochemical AOPs are listed in table 1.2.  

Table 1.2: Photochemical and Non-photochemical AOPs. 

Photochemical Non-photochemical 
H2O2/UV (Ultraviolet) O3/

•OH 
O3/UV O3/H2O2 
O3/ H2O2/UV O3/ Ultrasound (US) 
Fe2+/ H2O2/UV (Photo Fenton) O3 /GAC* 
TiO2/UV, ZnO/UV Fe2+/H2O2(Fenton system) 
H2O2/TiO2/UV Electro-Fenton 
O2/ TiO2/UV Electron beam irradiation 
UV/US US 
 H2O2/US 

*GAC- Granulated Activated Carbon  
 

1.3.4 Advantages of AOP 

Some of the major advantages of AOP are listed below; 

1) AOPs do not create any sludge as in the case of physicochemical 

and biological processes. Hence they will not cause any 

secondary pollution 

2) They have the potential to reduce toxicity and possibly to 

complete mineralization of the organics treated 
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3) Faster reaction rate  

4) Small footprint. 

1.3.5 Disadvantages of AOP 

Major disadvantages of AOPs are: 

1) High treatment cost 

2) Must be tailored to suit specific application 

3) For some applications, quenching is needed because of the use 

of very reactive chemicals. 

1.3.6 Photocatalysis as an AOP 

Photocatalysisis is considered as a prominent Advanced Oxidation 

Process (AOP) because of its capacity to generate the powerful oxidizing 

agent, hydroxyl radicals (•OH) when irradiated by suitable light sources. The 

degradation efficiency of photochemical AOPs is greatly enhanced using 

either homogeneous or heterogeneous photocatalysis [9]. Heterogeneous 

processes employ semiconductor slurries (e.g. TiO2/UV, ZnO/UV) for 

catalysis, whereas homogeneous photochemistry (e.g. H2O2/UV, Fe3+/UV) 

is used in a single-phase system. 

1.3.7 Heterogeneous Photocatalysis 

The field of heterogeneous photocatalysis has expanded rapidly in 

the last four decades, having undergone various developments especially 

in relation to energy and the environment. It can be defined as the 

acceleration of photoreaction in the presence of a catalyst. The two most 

significant applications of photocatalysis have been in solar water splitting 
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and the purification of air and water containing low concentrations of 

pollutants. The multidisciplinary nature of the field has also expanded 

significantly and includes semiconductor physics, surface sciences, photo 

and physical chemistry, materials science and chemical engineering [10]. 

Heterogeneous photocatalysis can be described as the acceleration 

of photoreaction in the presence of a catalyst. A photocatalyst is defined 

as a substance which is activated by absorbing a photon and is capable of 

accelerating a reaction without being consumed [11,12].  Semiconducting 

oxides as photocatalysts have been increasingly focused in recent years 

due to their potential applications in solar energy conversion and 

environmental purification. Semiconductor heterogeneous photocatalysis 

has enormous potential to treat organic contaminants in water and air. In 

the past two decades numerous studies have been carried out on the 

application of heterogeneous photocatalytic oxidation process for the 

decomposition and mineralization of recalcitrant organic compounds. 

Several semiconductors (TiO2, ZnO, Fe2O3, CdS, ZnS) can act as 

photocatalysts. The photocatalytic generation of various reactive species 

using semiconductor oxide catalyst is shown in figure 1.4. 

 
Fig. 1.4: Photocatalytic generation of various reactive species 
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1.3.8 Mechanism of Semiconductor mediated Photocatalysis 

A photocatalyst harnesses light (UV/visible radiation from sunlight 

or artificial light) and uses the energy to break down different substances 

including organic materials, organic acids, estrogens, pesticides, dyes, 

crude oil, microbes (including viruses) and chlorine resistant organisms, 

inorganic molecules such as nitrous oxides (NOx) etc. In combination 

with precipitation or filtration, the technique can also remove metals 

such as mercury [13,14,15]. Due to this universal applicability, 

photocatalysis with nanoparticles as catalysts is used to reduce air 

pollution and for water purification. Titanium dioxide (TiO2) is the most 

common photocatalyst. Zinc oxide (ZnO), could be used as a viable 

alternative for some applications. To avoid free nanoparticles in water, 

TiO2 nanoparticles are usually immobilized on a substrate or integrated 

into thin-films and other materials. For the activation of TiO2, UV 

irradiation from sunlight or artificial light is needed, with UVB being 

more efficient than UVA. To allow activation by visible light, TiO2 

can be modified with a second semiconductor, dyes, nitrogen, carbon 

or sulphur. For example, TiO2 doped with nitrogen had superior 

photocatalytic activities compared to commonly used unmodified TiO2 

nanoparticles for both chemical and bactericidal decontamination of 

water [16].   

Semiconductor (SC) mediated photocatalytic reactions are initiated 

by the absorption of light with energy equal to or greater than the band 

gap of the semiconductor. This produces electron-hole (e−/h+) pairs as in 

equation (1.4),  
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SC + hv → e−
cb (SC) + h+

vb (SC)                  ...... (1.4) 

where cb is the conduction band and vb is the valence band. Thus, as a 

result of irradiation, the SC particle can behave either as an electron donor 

or electron acceptor for molecules in contact with it. The electron and 

hole can recombine, releasing the absorbed light energy as heat, with no 

chemical reaction taking place. On the other hand, they can participate in 

redox reactions with adsorbed species as the valence band hole is strongly 

oxidizing while the conduction band electron is strongly reducing. On the 

semiconductor surface, the excited electron and the hole can participate in 

redox reactions with water, hydroxide ion (OH−), organic compounds or 

oxygen leading to degradation and eventual mineralization of the 

pollutant [16]. Schematic presentation of a typical heterogeneous 

photocatalytic process is shown in figure 1.5. 

 

 
 

Fig. 1.5: Schematic diagram of semiconductor photocatalytic process [17] 
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It has been shown that the charges can react directly with adsorbed 

pollutants, but reactions with water are predominant since the water 

molecules are more abundant than contaminant molecules. Consequently, 

oxidation of water or OH− by the hole produces the hydroxyl radical (•OH), a 

powerful oxidant. The oxidation potential of hydroxyl radical (•OH) is 2.8 V 

relative to the normal hydrogen electrode. Apart from electrons and holes, 

other substances that may be used for water disinfection include O3 (2.07 V), 

H2O2 (1.78 V), HOCl (1.49 V) and Cl2 (1.36V). Hydroxyl (•OH) radicals are 

able to rapidly attack pollutants on the semiconductor surface and, as such, 

are the most important radicals formed in TiO2 photocatalysis. An important 

reaction of the conduction band electron is reduction of adsorbed oxygen to 

oxygen radicals and this prevents the electron from recombining with the 

hole. This leads to accumulation of oxygen radicals that can also participate 

in degrading contaminants in solution.  

Heterogeneous photocatalytic process with semiconductor oxide 

catalysts involves at least five separate reaction steps taking place on the 

surface of the catalyst, i.e., (i) diffusion of reactants to the surface, (ii) 

adsorption of reactants, (iii) reaction on the surface, (iv) desorption of 

products from the surface and (v) diffusion of products from the surface.   

1.3.9 Zinc oxide as a semiconductor Photocatalyst 

The most investigated semiconductor oxide photocatalyst is TiO2. 

ZnO has been often considered as an alternative to TiO2 as photocatalyst 

because of its good optoelectronic, catalytic and photochemical properties 

[18-21]. ZnO has high catalytic efficiency, low cost, large bandgap (3.37 eV), 

and nontoxic nature. In fact, it has been shown to be more effective than 
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TiO2 as photocatalysts in different studies [22]. Upon illumination by light, 

ZnO generates holes that are strong enough to oxidize organic pollutants into 

less harmful materials [23-27]. Various ZnO nanostructures have been used 

to degrade the harmful dyes into less harmful components by photocatalytic 

reaction under UV and visible light illumination. 

1.3.9.1 Mechanism of photosensitization of ZnO by dyes  

The mechanism of photocatalysis by ZnO and TiO2 is similar and is 

as explained earlier in Section 1.3.8. The photocatalytic efficiency of 

these two semiconductor oxides also is comparable since they have 

identical band gaps (3.3 eV). However, depending on the surface 

characteristics of the catalyst, the chemistry of the substrate and reaction 

conditions, especially pH and the wavelength range of light, the 

efficiency can differ. For e.g., in the case of dye substrate, ZnO is often 

more photoactive, especially in the visible region of light. 

Dyes can act as sensitizers to the catalyst by the absorption of 

visible light. Transfer of photogenerated electrons from the dye molecule 

to the semiconductor has been reported to be very effective leading to the 

generation of reactive free radicals with less energy consumption. Various 

steps involved in this case are: 

Dye   + hν  →  Dye*                         ...... (1.5) 

Dye*   →   Dye+ + e−                           ...... (1.6) 

ZnO + e−   →    ZnO•−                             ...... (1.7) 

ZnO•− + O2   →  ZnO + O2 
•−                ...... (1.8) 

2O2
•− + 2H+ + e−  →  2HO2

•
   →   H2O2 + O2  ...... (1.9) 

H2O2 + e−   →  •OH + OH−                   .... (1.10) 
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Eq. (1.5) depicts the absorption of light by the dye molecule (Dye). 

This excited dye (Dye*) injects an electron to the conduction band of 

ZnO in Eq. (1.7), where it is scavenged by O2 to form active oxygen 

molecule as shown in Eq. (1.8). Further, the active oxygen molecule 

formed in Eq. (1.8) subsequently reacts with H2O to generate OH• radicals 

(Eq. 1.9, 1.10). These active radicals drive the photodegradation or 

mineralization of the dye molecule as follows;  

Dye• + + •OH → hydroxyl or peroxo intermediate  

                                              ↓ 

                        Degraded or mineralized products          .... (1.11) 
 

1.3.9.2 Selected relevant earlier reports on the photocatalytic 
degradation of dyes  

 

Sakthivel et al. [28] reported the sunlight induced degradation of a 

complex diazo dye, Acid brown 14 in presence of both ZnO and TiO2 

catalysts. Complete mineralization was attained with the formation of 

carbon dioxide, water, nitrate, ammonia, sulphate and chloride. Acid 

brown 14 was converted completely into colourless intermediates within 

120 and 300 min by ZnO and TiO2, respectively. Complete mineralization 

was observed within 360 min with ZnO and 420 min with TiO2. 

Comparison of photocatalytic activity of different semiconducting 

materials has clearly indicated that ZnO is the most active photocatalyst 

in the degradation of acid brown 14 using sunlight as the energy source. 

The main reason for the greater activity of ZnO is that it absorbs large 

fraction of the solar spectrum.  UV-Vis absorption spectrum of ZnO 

shows that it absorbs more quantum of light. Hence it is evident that 
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considerable amount of visible light could be utilized when ZnO is used 

as catalyst. Thus it is concluded that for solar applications, ZnO will be a 

better catalyst compared to TiO2 for the pollutants degradation. The 

amphoteric behaviour of both ZnO and TiO2 is an important parameter in 

reactions taking place on semiconductor particle surfaces. The 

experimental results indicate that photocatalytic oxidation rate is pH 

dependent. Furthermore, the rate of degradation of Acid brown 14 

linearly depends on the illumination by solar light at different periods of 

time with different light intensity.  

Pare et al. [29] made a detailed investigation of the photocatalytic 

degradation of the dye, Acridine orange, in aqueous heterogeneous 

medium containing ZnO as photocatalyst in a batch reactor. Visible light 

in the absence of ZnO has negligible effect on degradation. The 

disappearance of the dye follows approximately pseudo-first order 

kinetics according to the Langmuir–Hinshelwood model. The total 

degradation/mineralization of dye was tested using the chemical oxygen 

demand (COD) method. The addition of an optimal amount of hydrogen 

peroxide (H2O2) and potassium persulphate (K2S2O8) increases the 

degradation rate while salts like NaCl and Na2CO3 decreases the rate. The 

effect of addition of cationic and anionic surfactants has also been 

investigated. Bubbling of nitrogen in the reaction solution decreases the 

reaction rate. The study has shown that ZnO is a highly efficient 

photocatalyst for the degradation of Acridine orange dye. This also points 

to the potential of ZnO photocatalysis in the treatment of organic 

pollutants such as dyes. 
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Daneshvar et al. [30] reported that the degradation of Acid red 14 

(AR14), commonly used as a textile dye, can be photocatalysed by ZnO.  

The degradation follows first order kinetics. The effects of parameters 

such as pH, amount of photocatalyst, added H2O2 and ethanol etc. were also 

examined. Appropriate amounts of H2O2 improved the decolorization, while 

excess of H2O2 quenched the formation of hydroxyl radicals (•OH) and 

inhibited the degradation.  

Investigations on the crystal structure, morphology, optical 

properties, rate of electronic-hole recombination and photodegradation 

performance of {001}TiO2 for methylene blue demonstrated that rutile 

TiO2 is a much more active photocatalyst compared to normal TiO2 [31]. 

Treatment of normal TiO2 with NaOH under appropriate conditions can 

change the morphology (of TiO2) which in turn can modify the specific 

surface area and the optical electronic-hole recombination rate. Radical 

scavenging tests showed that hydroxyl radicals and holes are very 

important in photocatalysis. 

Semiconductor nanocomposites of SnS2-SiO2@α-Fe2O3 were 

investigated as photocatalysts for the degradation of methylene blue (MB) 

[32]. The results show an effective enhancement in the photocatalytic 

activity for the degradation of MB by compositing, especially for the                  

15 wt % SiO2@α-Fe2O3 nanocomposites on SnS2 flowers.  

In a comprehensive review of photocatalysis, Chiu et al. [33] discusses 

the kinetics and mechanisms of the photodegradation reactions of various 

dyes. The operational factors affecting the photodegradation of both 

cationic and anionic dye molecules, as well as the charge-carrier properties 
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of the photocatalyst, are critically examined. The review provides helpful 

guidelines that can be applied to foster the development of efficient 

photodegradation systems.  

Optimization of a bench-scale UV-C photocatalytic process using a 

TiO2 catalyst suspension for degradation of two textile dyes, Acid Blue 

113 (AB 113) and Acid Red 88 (AR 88) is reported [34]. Using 

techniques such as Response surface methodology (RSM), Analysis of 

variance (ANOVA), Least-squares cubic regression models etc. it was 

demonstrated that solution pH and initial dye concentration had the 

strongest effects on degradation rates of AB 113 and AR 88, respectively. 

Under optimum treatment conditions, removal efficiencies reached 98.7% 

for AB 113 and 99.6% for AR 88. Kinetic studies showed that a first-

order kinetic model could describe degradation data for both dyes.   

Large number of reports on the application of photocatalysis in 

water treatment have been appearing in recent years. Semiconductor 

mediated photocatalysis as a means of degrading dye pollutants in water 

is demonstrated in these reports. Only those reports relevant in the context 

of the present study are presented here.  

1.3.10 Sonolysis/ Sonochemical reaction as an AOP 

Sonochemistry refers to the chemical effects of ultrasound. 

Generally, the sound whose frequency is pitched above human hearing 

(i.e., above 20 kHz) is referred as ultrasound. The chemical effects of 

ultrasound are due to a phenomenon called “acoustic cavitation”. 

Acoustic cavitation in liquid results in the formation, growth, and 
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implosive collapse of bubbles. This cavitational implosion produces 

radicals from many solvents. In the case of water, •H and •OH are the 

main resultant free radicals. These radicals can further combine or react 

with other substances. This results in secondary oxidation and reduction 

reactions [35].  

The ultrasound can be classified based on the frequency range. The 

conventional power ultrasound (also called low-frequency high-power 

ultrasound) ranges between 20–100 kHz. The high-frequency medium 

power ultrasound (ranges 20–1000 kHz) is mainly used for the chemical 

applications. The therapeutic ultrasound (also called high-frequency low 

power ultrasound) ranges between 1 MHz and 10 MHz and has a lot of 

applications in the medical field [36-38]. 

In contrast with electromagnetic radiation, acoustic waves do not 

change the electronic, vibrational or rotational molecular energy level. 

The chemical effect of ultrasound arises due to cavitation phenomenon. 

Ultrasound exerts positive and negative pressure in a liquid medium 

during the compression and rarefaction cycle of the ultrasonic wave. This 

will result in an increase or decrease in the total pressure of the medium. 

However, at a certain time, they may experience the additive effect of the 

two pressures such as Pa (due to the acoustic wave) and Ph (due to the 

hydrostatic pressure) [32]. 

The total pressure (Pt) is given by the equation 1.12 

Pt = Ph + Pa   .... (1.12) 
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If the rarefaction cycle is powerful, it can break the van der waals 

forces which hold the liquid molecules together. This sets off the formation 

of gas-filled microbubbles. These bubbles expand during the rarefaction 

stage and compress during the compression stage as shown in Figure 1.6.  

 
Fig. 1.6:  Illustration of the cavitating bubble formation 

and collapse 
 

But the rate of compression of the bubble is low compared to the 

expansion stage. Therefore the size of the bubble increases at each 

consecutive cycle. When it reaches an unstable state it undergoes extreme 

violent collapses to create an unusual environment for a chemical reaction 

in terms of enormous local temperatures and pressure (temperature and 

pressure to about 5000 K and 1700 bar, respectively). Water vapor is 

pyrolytically cleaved under this condition to produce •OH and •H [39,40] 

and it can be represented as,  

 

H2O )))  •OH + •H    .... (1.13) 
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These generated radicals can undergo either of the following 

reactions in the subsequent steps.  

•OH+•H    H2O  .... (1.14) 

2 •OH  H2O2  .... (1.15) 

2•H   H2  .... (1.16) 
•H + O2   HO2

•  .... (1.17) 

 

The cavitation may either be stable or transient which is related to 

resonant size, lifetime of the cavity and/or bubble collapse. The bubble 

size and the lifetime are very small in the case of transient cavitation and 

the energy released during the collapse is high. However in the case of 

stable cavitation, bubble expansion and compression take place very 

slowly and therefore the size of the cavity can reach moderately higher 

size. 

The most accepted theory for explaining the cavitational 

phenomenon is the hot spot theory, although there exists two other 

theories too, ie, electrical theory and plasma discharge theory. According 

to the hot spot theory, the cavitational collapse may lead to the rise in the 

temperature and pressure to about 5000 K and 1700 bar, respectively. 

Moreover, this remains only for about 100 ns with high cooling rate 

(greater than 1010 Ks-1) [41]. This is a nearly adiabatic process. Sufficient 

energy release results in the generation of the reactive species followed by 

its stabilization by thermal quenching. The cavitational technique is 

utilized by many researchers in various fields such as material science, 
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organic synthesis, biology and the removal of hazardous wastes from 

water [35].  

The use of ultrasound has been reported for the wastewater 

treatment containing various pollutants such as aromatic compounds, 

chlorinated aliphatic compounds, explosives, herbicides and pesticides, 

organic dyes, organic and inorganic gaseous pollutants, organic sulfur 

compounds, oxygenates and alcohols, pharmaceuticals, personal care 

products, pathogens and bacteria in water. But till now, no industrial 

installation of this technology has been reported due to its high cost and 

inefficient conversion of energy in producing ultrasonic cavitation. 

However, the coupling of ultrasound with other AOP technologies like 

ozone, hydrogen peroxide, Fenton’s reagent, photocatalysts and enzymes 

might help to reduce the cost of wastewater treatment. 

1.3.10.1 The reaction sites in sonolysis 

Sonochemical reaction is distinct from other AOPs. The energy 

of ultrasonic sound wave affects sonochemical reactions, providing 

huge amount of heat and producing reactive free radicals. Ultrasound 

increases the mass transfer rate in aqueous solutions via turbulence [42]. 

Three main reaction zones are reported in a cavitating bubble [35]. 

They are 

 Cavity interior 

 Gas-liquid interface 

 Bulk liquid. 
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The zones are schematically presented in figure 1.7. 

 
Fig. 1.7: Various reaction zones in a cavitating bubble 

 

The most reactive zone in the bubble is the interior of the bubble. 

The water molecules undergo pyrolysis inside the cavity to produce •OH 

and •H [42-44].  The target pollutants either undergo pyrolysis or reacts 

with the free radicals. Mostly, the volatile and hydrophobic compounds    

degrade in the interior of the cavitating bubble. For example, a highly 

volatile compound like CCl4 is reported to be removed completely within 

a short period of time by sonolysis compared to the other AOPs [45-47].  

The gas-liquid interface region of the cavitating bubble is also a high-

temperature region. This region is hydrophobic and the chance of binding 

hydrophobic substance in this region is probably high. Thus, the 

hydrophobic substances can undergo easy degradation. Some stable 
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compounds are reported to undergo hydrolysis here due to the high 

temperature [48]. The recombination of •OH takes place in this region to 

produce H2O2 and get released into the liquid region. Finally, only a small 

portion of the so formed •OH is released into the liquid region. The 

reactions in the bulk phase are basically between substrates and •OH or 

H2O2. The hydrophilic substances are found in the bulk phase and 

therefore only the radical reaction is feasible [49]. The possible reaction 

in a cavitating bubble is given in figure 1.7. The speciation of the 

target compound to these regions may occur with reference to their 

physicochemical properties. The major physicochemical parameters that 

might influence the degradation in sonolysis are partition coefficient, 

solubility, vapor pressure and Henry's law constant [50-52]. The target 

compound might move from the interior of the bubble to the liquid region 

with decrease in its volatility leading to variation in the reaction rates. 

The intensity of cavitation is usually enhanced when solvents with 

low vapor pressure, high viscosity and high surface tension are used. At 

the same time, the bubbles are easily generated with solvents of opposite 

properties [52]. Thus any factor which affects these properties would also 

change the cavitation phenomena.  Various operational parameters such 

as ultrasonic frequency, ultrasonic power, reaction temperature,  nature of 

dissolved gas etc. influence the process significantly. 

1.3.10.2 Selected relevant works reported on the sonochemical 
degradation of dyes 

Merouani et al. [53] investigated the sonolytic degradation of 

cationic dye, Rhodamine B (RhB), in water with special reference to the 
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influence of bicarbonate and carbonate ions. As a consequence of 

ultrasonic cavitation that generates •OH radicals, carbonate radicals were 

formed as secondary products, when the solution/suspension contains 

dissolved bicarbonate or carbonate ions. The results clearly demonstrated 

the significant intensification of sonolytic destruction of RhB in the presence 

of bicarbonate and carbonate, especially at lower dye concentrations. 

Degradation intensification occurs because sonochemically formed 

carbonate radicals undergo radical–radical recombination at a lesser 

extent than hydroxyl radicals. The generated carbonate radicals are likely 

to migrate far from the cavitation bubbles towards the solution bulk and 

are suitable for degradation of an organic dye such as RhB. Therefore, at 

low dye concentrations, carbonate radical presents a more selective 

reactivity towards RhB molecules than hydroxyl radical. The degradation 

rate reached a maximum at 3 g L−1 of bicarbonate, but subsequent 

addition retards the destruction process. In RhB solutions containing 

carbonate, the oxidation rate gradually increased with increasing 

carbonate concentration up to 10 g L−1 and slightly decreased afterwards. 

Sonochemically generated carbonate radicals are suitable for total 

removal of the COD of sonicated RhB solutions.  

The sonochemical degradation of aqueous solutions of azobenzene 

and related azo dyes (methyl orange, o-methyl red, and p-methyl red) was 

performed at 500 kHz and 50 W, under air, O2, or Ar saturation at 288 K 

[54]. Reaction products and intermediates were identified by HPLC-ES-

MS. Total organic carbon (TOC) was also determined as a function of 

reaction time. Addition of OH radicals to the azo double bond is 

considered to be the first step of the sequence of oxidative bond 
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cleavages. This leads to the production of carboxylic acids, quinones, 

carbon dioxide, and nitrate ions as the main degradation products. The 

effects of the structure of the dye structures and of the dissolved gas on 

the sonochemical bleaching rates were also investigated. The reaction 

rates for o-methyl red were approximately 30-40% faster than those for 

the other compounds. This appears to be due to strong influence by a 

carboxylic group ortho to the azo group. Saturating with Ar instead of air 

or O2 increased the pseudo first-order rate constants for the degradation 

by 10%. The acceleration of the sonochemical bleaching and the 

mineralization process upon addition of Fe (II) was also investigated in 

Ar saturated methyl orange solutions. A 3-fold increase in the reaction 

rate was observed at optimal Fe(II) concentrations. This kinetic effect is 

quantitatively accounted for by a simple model based on the reaction of 

Fe(II) with sonochemically produced H2O2 (Fenton’s reaction). This 

Fenton (Fenton-like) process is proven to be a simple way of achieving a 

substantial improvement in the efficiency of sonochemical degradation 

reactions.  

Titanium dioxide coated activated carbon (TiO2/AC) synthesized 

using sol gel method is tested for the removal of Rhodamine B (RhB) dye 

under sonolysis [55].  The effect of operational parameters such as pH, 

temperature, ultrasonic frequency etc in the presence and absence of the 

catalyst on the sono degradation was studied in detail. The degradation 

efficiency of RhB in aqueous solution is 82 % in the presence of TiO2/AC 

in 60 minutes at the optimum conditions ie, at pH 6, temperature 50°C 

and ultrasonic frequency of 30 kHz.  
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The degradation of oxalic acid  with/without  Pt/TiO2 catalyst under 

sonication at 20 and 360 kHz was studied in the presence of Ar/O2                  

(20 vol% O2) and pure O2 [56]. Oxidation rate of oxalic acid increased 

under Ar/O2 atmosphere in presence of Pt/TiO2 catalyst due to strong 

dispersion effect of both low and high ultrasonic frequency and formation 

of chemically active species by sonolysis. High frequency ultrasonic 

irradiation under Ar/O2 atmosphere gives the highest kinetic increase 

compared to silent conditions with oxalic acid degradation rate around            

13 mol min−1 at 40C with 2 g L−1 of 3 wt% Pt on P25 TiO2 catalyst.  

Ghows and Entezari [57] studied the sonocatalytic degradation of 

Reactive Black 5 (RB5) in presence of nanocrystals of CdS-TiO2 and the 

kinetic models were analysed. Two kinetic models were proposed and 

fitted properly to the data. In the first one, the heterogeneous reaction was 

considered similar to the Langmuir–Hinshelwood (L–H) mechanism and 

the kinetic rate parameters were determined. In this model, short time of 

sonication at different initial concentration of the substrate has been 

applied and the contribution of the reaction intermediates has been 

neglected. Hence, this model may not be valid for longer reaction times 

where the reaction intermediate effects prevail. In the second model, two 

first-order reactions in series provided the most convincing rate form for 

the sonodegradation of dyes adsorbed on the catalyst. In these series 

reactions, the first step is the conversion of the colored dye to colored 

intermediate, and the second step is the conversion to colorless 

product(s). The results were in good agreement with the proposed 

kinetic models. The rate constants of degradation of catalyzed reaction 
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were higher than that obtained without catalyst under solar and UV 

irradiation. 

The sonolysis of Basic Blue 41 dye in aqueous solution was 

performed at 35 kHz using ultrasonic power of 160W and temperature of 

25±1C [58]. The nanoparticles of TiO2 were used as catalyst to assist the 

sonication process. The effect of experimental parameters such as pH, H2O2 

concentration and initial dye concentration on the reaction were investigated. 

It was observed that at lower pH values the dye removal rate decreased. 

However, the rate increased with increase in H2O2 concentration and 

decrease in the initial dye concentration. The intermediate compounds were 

detected by integrated gas chromatography–mass spectrometry (GC/MS) 

and ion chromatography (IC). During the decolorization, all nitrogen 

atoms and aromatic groups of Basic Blue 41 were converted to urea, 

nitrate, formic acid, acetic acid, oxalic acid, etc. Kinetic studies revealed 

that the degradation process followed pseudo-first order mechanism with 

a correlation coefficient of 0.9918 under experimental conditions. The 

results showed that power ultrasound can be regarded as an appropriate 

tool for degradation of azo dyes to non-toxic end products.  

Eren and Ince [59] carried out studies on the degradation of two azo 

dyes at low and high frequency ultrasound (US) to compare their 

reactivity and to assess the impacts of frequency, •OH, chemical structure 

and soluble/nonsoluble additives. Low frequency US alone was   totally 

ineffective for bleaching the dyes even after 2 h irradiation, while high 

frequency provided significant color decay in 30-min contact. The result 

was attributed to larger number of oscillations at high frequency that 
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allowed a larger fraction of •OH ejection to the bulk liquid. The difference 

in the rates of dye degradation was due to different substituents around 

the azo bonds that dictated the reactivities of the dyes with •OH and other 

species. The performance of low frequency US was remarkably improved 

and exceeded that of high frequency in the presence of CCl4, nano-sized 

TiO2 and zero-valent copper. The effect was attributed to the advantage 

of low frequency for long life time of the bubbles, high collapse 

temperatures, turbulent flow conditions and high sonoluminescence 

intensity. The efficacies of the additives in terms of the reduction in dye 

concentration per unit mass of additive were: TiO2 > CCl4 > Cu, regardless 

of the dye structure and the operation frequency. Better performance of 

TiO2 than Cu was attributed to its larger surface area with a slight positive 

charge on it and to the effect of stable sonoluminescence that may have 

induced photocatalytic properties on semiconductor surface.  

Lops et al. [60] proposed an environmental friendly sonophotocatalytic 

approach to decontaminate polluted waters from industrial dyes 

efficiently by exploiting ZnO micro- and nano-materials. The generation 

of reactive oxygen species (ROS) under ultrasound stimulation is 

demonstrated by Electron Paramagnetic Resonance Spectroscopy (EPR) 

for five different zinc oxide (ZnO) micro- and nano-structures, i.e. Desert 

Roses (DRs), Multipods (MPs), Microwires (MWs), Nanoparticles (NPs) 

and Nanowires (NWs). Rhodamine B (RhB) was used as the test 

molecule. The DRs microparticles demonstrated the best sonocatalytic 

performance (100% degradation of RhB in 180 min) and the highest   

generation of OH radicals under ultrasonic irradiation. Strikingly, the 
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coupling of ultrasound and sunlight irradiation in a sonophotodegradation 

approach led to 100% degradation efficiency, i.e. color reduction, of         

RhB in just 10 min, revealing a great positive synergy between the 

photocatalytic and sonocatalytic processes. The RhB sonophotocatalytic 

degradation was also evaluated at different initial dye concentrations and 

in the presence of anions in solution. The combination technique has 

demonstrated good stability over repeated cycles of dye treatment, which 

points to the potential applicability of this technique for the treatment of 

industrial effluents. 

Triphenylmethane (TPM) dyes are an important category of dyes 

with a variety of industrial applications and consequently, these are found 

in the aquatic environment at relatively higher concentrations. The 

sonodegradation of two Triphenylmethane (TPM) dyes, ie  para rosaniline 

(PRA) and ethyl violet (EV) was investigated using an ultrasonic 

frequency of 350 kHz and power of 60 W [61]. Complete degradation of 

EV and PRA was observed with a pseudo first order rate constant of 

0.2339 min-1 and 0.1956 min-1, respectively. The product analyses using 

high-resolution mass spectrometry (LC-Q-TOF-MS) revealed the 

formation of hydroxylated, de-alkylated, and other collapsed conjugated 

structure destructed products. The evolution of these products in the 

presence of various inorganic ions (Cl-, SO4
2-, NO3

-, and CO3
-) showed 

that only carbonate ions had a significant impact. The carbonate ions 

facilitated the formation of conjugated structure destructed product for 

both the dyes, probably due to the high reactivity of carbonate radical,  

and consequently accelerated interaction. The carbon-centered radicals 
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thus formed undergo further reaction leading to the destruction of 

conjugated structures. The scavenging effect of carbonate ions was also 

confirmed from the reduction in the formation of most of the hydroxylated 

products. Since one of the major inorganic species in any wastewater is 

carbonate ions this result is very relevant to the understanding of oxidation 

based treatment protocol. 

Another recent study on the sono decomposition of C.I. Reactive 

Orange 107 (RO107) azo dye showed that more than 80% of decolorization 

could be achieved within 4 h. of sonication [62]. Degradation of the dye 

followed pseudo-first-order kinetics. The results also showed that sonication 

is controlled by hydroxyl radicals together with pyrolysis. Sulfanilic acid 

(m/z:172) was identified as the main intermediate by using liquid 

chromatography–tandem mass spectrometry (LC/MS) analysis. Possible 

pathways for the formation of the degradation products were proposed in 

this report. 

1.3.11 Electrochemical degradation as an AOP (EAOP) 

Another emerging AOP based technology for wastewater 

remediation is electrochemical degradation.  The wide acceptance of this 

technology is due to its environmental compatibility because of the fact 

that it uses electron as the main reagent. Electron is a clean reactant and it 

operates under mild conditions [63]. Various other advantages including 

its versatility, high energy efficiency, availability of automation etc. 

makes this technique, a perfect tool for water purification [64]. Various 

AOP techniques which can be combined with the EAOPs for water 

purification are listed in figure 1.8. 
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Fig. 1.8:  Various AOPs and EAOPs with potential for water 
treatment 

 

Anodic oxidation is the most appropriate electrochemical method 

for the treatment of wastewater containing organic pollutants [65]. A 

typical electrochemical system is represented in figure 1.9. 

 

 
Fig. 1.9: Schematic diagram of an electrochemical reaction 
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Hydroxyl radicals (•OH) are generated at a high oxygen evolution 

potential anode (M) and the organic pollutants are expected to be 

degraded by interaction with the radicals [66, 67].  

M + H2O    →    M (•OH) + H+ + e-  .... (1.18) 

Graphite, platinum, dimensional stable electrode (DSA), stainless 

steel (SS), and air diffusion electrode (ADE) are frequently used as 

cathodic materials. When graphite or ADE is used as cathode, it is often 

fed with air or pure oxygen to generate H2O2 through the electrochemical 

reduction of O2. This process is called AO-H2 which also belongs to the 

scope of anodic oxidation. Na2SO4 is usually selected as the supporting 

electrolyte for the following reasons [68]: (i) it is relatively cheap, (ii) it 

could be oxidized into S2O8
2− which also participate in the degradation of 

organics, (iii) it would not produce hazardous compounds during 

treatment and (iv) presence of Na2SO4 would promote the degradation of 

the substrate. 

In presence of chloride, oxidation of organic compounds is 

mediated by active chlorospecies. The main reactions at the electrode 

are:- 

Anode: 2Cl- → Cl2+2e-                        .... (1.19) 

Cathode: 2H2O+2e- → H2+2OH-                  .... (1.20) 

In the bulk solution, Cl2 hydrolysis takes place as follows: 

Cl2+H2O → HOCl+H++Cl-           .... (1.21) 

HOCl ↔  H++OCl-                    .... (1.22) 
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At the anode, O2 evolution competes with Cl2 evolution according to 

the equation, 

H2O      → 2H++1/2O2+2e-                       .... (1.23) 

This process is often called indirect electrolysis or chlorine-

mediated electrolysis. 

1.3.11.1. Anodic oxidation 

In this process, pollutants are degraded either directly on the anode 

surface or by the reaction mediated by reactive oxygen species. Two types 

of mechanism are proposed in the case of EAOPs; (i) the pollutants are 

transferred from bulk liquid region to the anode surface where they  

undergo direct electrochemical reaction by electron transfer to the 

pollutants (ii) the pollutants undergo degradation by the reactions with the 

high oxidants generated from the anodic oxidation of water molecule or 

ions present in the water. The major oxidizing species is •OH and they are 

generated by the direct conversion of water molecule as given below; 

H2O   •OHads + H+ + e  .... (1.24) 

OH-    •OHads + e  .... (1.25) 

1.3.11.2 Selected relevant earlier studies in electrochemical 
degradation of organic pollutants 

The degradation of cationic turquoise blue GB (GB) by 

electrochemical oxidation with typical rare earth doped PbO2 electrodes 

was reported [69]. The Ce- doped PbO2 electrode was prepared by 

thermal decomposition-electrodeposition technique. The effects of 

electrodes used as anodes in the electrochemical oxidation system were 
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carefully studied for GB degradation. The effects of Ce-doped and 

undoped electrodes were compared and the former was found to be more 

efficient. Optimal degradation conditions were experimentally verified by 

studying the effects of different parameters, such as current density and 

electrolyte concentration. The characteristics of undoped and Ce-doped 

electrode were analyzed using the SEM images. The mechanism of GB 

degradation in electrochemical oxidation with Ce-doped electrode was 

discussed based on the intermediates which are identified by ‘inductively 

coupled’ and ‘gas chromatographic’ MS.  

Kusuma et al. [70] studied the degradation of malachite green dye 

by using a voltage source potential and certain current is passed through 

carbon/TiO2 electrodes as anode and silver electrodes as cathode. 

Degradation was measured by varying the potential, pH and time in a 

solution of malachite green containing supporting electrolyte 0.1 M NaCl.   

Optimum conditions were identified as pH 7-8 and potential 10 V. 

Based on the voltammogram, reactions that occur are identified as 

electrochemical-chemical-electrochemical (E-C-E) and irreversible. This 

method can reduce the COD value of 25 ppm dye solution up to 81.89% 

in 30 minutes.  The degradation of the dye during this period is 100%.   

de Silva et al. [71] investigated the electrochemical oxidation of the  

dye reactive blue 4 (RB-4) and reactive orange 16 (RO-16) on RuO2 

using dimensionally stable anode (DSA®). The electrolyses is performed 

both in the presence and the absence of NaCl as supporting electrolyte. In 

both cases efficient color removal was achieved. Moreover, at low 

chloride concentration (0.01 mol L-1), total color removal was obtained 
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after just 10 min of electrolysis, and a significant increase in total dye 

combustion was achieved for all the studied anodes in chloride medium 

(reaching ca. 80%  COD removal). No significant enhancement in color 

removal or mineralization was observed upon increasing chloride 

concentration. The influence of oxide composition on dye elimination 

seems to be significant in both media (with or without chloride), Thus 

Ti/Ru0.30Ti0.70O2, is identified as the most active material for organic 

compound oxidation. The oxygen evolution reaction (OER) is a limiting 

factor in both supporting electrolytes; i.e., NaCl and Na2SO4, and its 

competition with organic compound oxidation remained an obstacle. 

There is slight consumption of the undesirable adsorbable organo 

halogens (AOX) species formed within the first minutes of the 

electrolysis in the system Ti/(RuO2)0.70(Ta2O5)0.30. Hence it may be 

inferred that even though the electrode system is an environmentally 

friendly composition, both anode composition and chloride concentration 

lead to the formation of   undesirable compounds.  

The degradation of an industrial textile dye Acid Blue 113 (AB113) 

by electrochemical oxidation (EO) approach has been performed in an 

aqueous medium [72]. The galvanostatic electrolysis was done using 

platinum supported on Ti (Ti/Pt), Pb/PbO2 and TiO2-nanotubes decorated 

with PbO2 supported on Ti (Ti/TiO2-nanotubes/PbO2) as anodes.               

The electrochemical flow cell consists of 1.0 L of solution containing   

250 mg dm−3 AB 113 with Na2SO4 as supporting electrolyte. The power 

applied was 20, 40 and 60 mA cm−2. The electrolytic process was 

monitored by UV–visible spectrometry and the chemical oxygen demand 

(COD). The results showed that the dye was successfully degraded by 
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hydroxyl radicals electrogenerated from water on the Ti/TiO2-

Nanotubes/PbO2 electrode surface. Compared with Ti/Pt and Pb/PbO2, the 

Ti/TiO2-nanotubes/PbO2 anode is more efficient in oxidation rate, current 

utilization and energy consumption.    

Morsi et al. [73] investigated the degradation of three types of 

textile dyes by electrochemical oxidation on lead dioxide anode. The 

influence of pH, current density, time of electrolysis, temperature, the 

conductive salt concentration and the initial dye concentrations were 

critically examined.  Highest electrocatalytic activity was achieved in the 

presence of NaCl (3 g/l), 30 mA/cm2, pH of 3 and temperature of 30°C 

which could be attributed to indirect oxidation of the dyes by the 

electrogenerated hypochlorite ions formed from the chloride oxidation. In 

addition, contribution from direct oxidation also could be possible via 

reaction of these dyes with the electrogenerated hydroxyl radicals adsorbed 

on the lead dioxide surface. 

The electrooxidation as an environmentally clean technology has 

been investigated for the degradation of Mordant Blue 13 azo dye 

(MB13) using boron-doped diamond (BDD) and oxide ruthenium 

titanium (Ti/Ru0.3Ti0.7O2 (DSA)) anodes. Various water matrices: distilled 

water (DW), hot tap water (HTW) and simulated wastewaters (SWS) with 

and without surfactant (SW) were used in the study [74]. The influence of 

reaction parameters, such as current density, initial dye concentration, 

electrolysis time/specific charge and pH on the MB13 degradation rate, 

current efficiency and energy consumption has been determined. The 

enhanced rate of both color and chemical oxygen demand (COD) removal 
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in sulfate aqueous solutions with BDD was observed. This indicates that 

sulfate (SO4
-•) radicals along with •OH might be responsible for the 

degradation process. The MB13 decolorization process obeyed a pseudo-

first-order reaction kinetics with the apparent rate constant varying from 

7.36 × 10-2 min-1 to 4.39 × 10-1 min-1 for BDD and from 9.2 × 10-3 min-1 to 

2.11 × 10-2 min-1 for DSA depending on the electrolysis conditions. 

Inorganic ions, mordant salt and surfactant contained in simulated 

effluents decelerated the COD decay for both the anodes. Comparison of 

the specific energy consumption for each electrocatalytic material under 

different experiment conditions has been made. The BDD electrode was 

more efficient than the DSA to oxidize the MB13 dye in all kinds of 

water. The same electrode system was tested and similar results were 

reported in the case of the dye Disperse Yellow 3 (DY3) too [75]. 

The treatment of synthetic wastewater polluted with the dye Procion 

Red MX-5B by different Electrochemical Advanced Oxidation Processes 

(EAOP) based on diamond anodes is reported recently [76]. The influence 

of current density and the supporting electrolyte on the efficiency of dye 

removal and mineralization has been studied. Results show that 

electrolysis with diamond electrodes is a potential technology for the 

efficient degradation of dye. The efficiency increases when chloride is 

used as the supporting electrolyte because of the electrochemical 

generation of hypochlorite in wastewater which contributes significantly 

to the dye removal. On the contrary, the total mineralization of the 

organic matter is more efficient in sulfate media. In this case, large 

amounts of peroxodisulfate are electrogenerated, favoring the complete 

removal of total organic carbon (TOC).  Coupling of UV light irradiation 
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or ultrasound to electrolysis significantly improves the process performance; 

photoelectrolysis being the most efficient technology for the treatment of 

wastewater polluted with Procion Red MX-5B. The enhancement is 

attributed to the potential production of free chlorine or sulfate radicals 

that takes place by the activation of the electrogenerated oxidants. These 

species are more reactive than the oxidants and, therefore, they attack the 

organic matter present in wastewater more efficiently. 

1.3.12 Fenton and Fenton-based reactions as AOP for water treatment 

Fenton (F) and related processes encompass reactions of peroxides 

(usually H2O2) with iron ions to form active oxygen species that oxidize 

organic or inorganic compounds. The Fenton reaction was discovered by 

H.J.H. Fenton in 1894. He showed that H2O2 could be activated by 

ferrous (Fe2+) salts to oxidize tartaric acid [77]. In the last few decades, 

the importance of OH- reactions has been recognized and over 1700 rate 

constants for OH- reactions with organic and inorganic compounds in 

aqueous solution have been tabulated [78]. In the recent past, Fenton 

reaction was efficiently utilized for the removal of many hazardous 

organics from wastewater [79, 80.].  

In Fenton reactions, Fe2+ along with other oxidants (mainly H2O2) is 

used to generate •OH [81-84] . The main reactions are given in equations 

1.26 to 1.29. 

Fe2+ + H2O2 → Fe3+ + •OH+ OH   .... (1.26) 

The rate of production of •OH is enhanced when the above system is 

irradiated by UV light (Eq.1.27).  One of the main advantages of UV 
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irradiation is the regeneration of the ferrous ion from the ferric ions            

(Eq. 1.28) 

H2O2 + UV  →  2 •OH  .... (1.27) 

Fe3+ + H2O + UV  → •OH + Fe2+ + H+  .... (1.28) 

Thus the Fe2+ can be recycled multiple times. Apart from ferrous 

ion regeneration, hydroperoxyl radicals (•O2H) are also produced (Eq. 1.29).  

Fe3+ + H2O2      →    Fe2+ + •O2H + H+  .... (1.29) 

The hydroperoxyl radicals may also attack organic contaminants 

though they are less reactive than hydroxyl radicals. It should be noted 

that, the iron added in small amount acts as a catalyst while H2O2 is 

continuously consumed to produce hydroxyl radicals. 

The general mechanism of the Fenton process is shown in Fig. 1.10 

 

Fig. 1.10:  Mechanism of oxidation of organic compounds 
with Fe2+ and H2O2 [84] 
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The use of persulphates (both peroxy mono and disulphates) in 

place of H2O2 is also reported in Fenton processes [79]. Persulphates 

generate SO4
•   which are also equally efficient as the •OH. 

1.3.12.1 Effect of Ferrous ion concentration 

Usually the rate of degradation increases with an increase in the 

concentration of ferrous ion [85]. However, the extent of increase is 

sometimes only marginal above a certain concentration of ferrous ion as 

reported by Lin et al. [86, 87], Kang and Hwang [88] and Rivas et al. [89] 

reported that an enormous increase in the ferrous ions will lead to an 

increase in the unutilized quantity of iron salts, which will contribute to 

an increase in the total dissolved solids content of the effluent stream. 

This is not acceptable environmentally and hence, laboratory scale studies 

are required to establish the optimum loading of ferrous ions for efficient 

mineralization of the organics. 

1.3.12.2 Effect of Hydrogen peroxide concentration 

Concentration of H2O2 plays a crucial role in deciding the overall 

efficiency of the degradation process. Usually the % degradation of the 

pollutant increases with increase in the dosage of hydrogen peroxide [86-

88]. However, care should be taken while selecting the operating oxidant 

dosage. The unused portion of H2O2 during the Fenton process contributes 

to COD [90] and hence excess amount is not recommended. Also, the 

presence of H2O2 is harmful to many of the organisms [86] and will affect 

the overall degradation efficiency significantly where Fenton oxidation is 

used as a pretreatment to biological oxidation. Another negative effect is 

the scavenging of the generated hydroxyl radicals, when large quantities 
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of H2O2 are used. Thus, the dosage of H2O2 should be adjusted in such a 

way that the entire amount is beneficially utilized and this can be decided 

based on laboratory scale studies. 

1.3.12.3 Photo, Sono and Electro-Fenton processes 

A combination of hydrogen peroxide and UV radiation with Fe2+ or 

Fe3+ oxalate ion (photo-Fenton (PF) process) produces more hydroxyl 

radicals compared to conventional Fenton method or photolysis and in 

turn increases the rate of degradation of organic pollutants [91-93]. 

Fenton reaction accumulates Fe3+ ions in the system and the reaction does 

not proceed once all Fe2+ ions are consumed. The photochemical 

regeneration of ferrous ions (Fe2+) by photo-reduction (Eq. (1.30) of ferric 

ions (Fe3+) occurs in photo- Fenton reaction [94]. The newly generated 

ferrous ions react with H2O2 and generate hydroxyl radical and ferric ion, 

and the cycle continues: 

 

Fe(OH)2+  + hʋ    →   Fe2+ + •OH   .... (1.30) 

 The combination of Fenton reaction with conventional radiation 

zone of the visible and near ultraviolet gives better degradation of organic 

pollutants such as 4-chlorophenol [95], nitrobenzene, anisole [96], 

herbicides [97] and ethylene glycol [98] compared to the individual 

Fenton or photoprocesses.   Direct photolysis of H2O2 produces hydroxyl 

radicals which can be used for the degradation of organic compounds. 

However, in the presence of iron complexes, which strongly absorb 

radiation, this reaction will contribute only to a lesser extent for the 

photo-degradation of organic contaminants [99,100].   
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The photo-Fenton process offers better performance at pH 3.0, 

when the hydroxy–Fe3+ complexes are more soluble and Fe(OH)2+ are 

more photoactive [101-103]. The photo-Fenton process was reported as 

more efficient than Fenton treatment [102]. The use of sunlight instead of 

UV irradiation can reduce the costs. However, the solar process is less 

efficient.  De Oliveira et al. [100] compared the performance of Fenton 

and photo-Fenton processes for the treatment of paint industry effluent 

(COD = 80.75 mg/L) and reported higher COD and TOC removal with 

solar-assisted photo-Fenton process compared to Fenton treatment or 

when an artificial radiation source was used. The performance was 

compared with three iron sources, i.e., FeSO4, Fe(NO3)3 and potassium 

ferrioxalate (K3[Fe(C2O4)3] (obtained by mixing Fe(NO3)3 with K2C2O4 

solutions). The formation of Fe3+ complex, when Fe(NO3)3 was used, 

resulted in poor performance whereas the addition of K3[Fe(C2O4)3] 

increased the carbon loading of the wastewater. In the presence of 15 mM 

of Fe2+ and 300 mM of H2O2, 99.5% COD reduction was reported in 6 hr 

when the wastewater was irradiated with solar radiation. 

The possibility of using ultrasound as the source of AOP activation 

is indicated in Section 1.3.10. The oxidation of organic contaminants in 

water by ultrasound, with and without catalyst (sonolysis/sonocatalysis) 

has received considerable attention in recent years [104]. The efficiency 

of the sonolytic process can be considerably enhanced by appropriately 

optimizing relevant reaction parameters (105-112). Similar enhancement 

by ultrasound irradiation has been reported in the Fenton process also 

[113-115].  However, such studies are relatively fewer to draw any 

specific conclusion except the accelerated generation of .OH in presence 
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of US.  More investigations are needed to establish the viability of the 

sonoFenton process in wastewater treatment.  

In electro-Fenton (EF) process, pollutants are destroyed by the 

action of Fenton’s reagent in the bulk together with anodic oxidation at 

the anode surface. Electro-Fenton process is classified into four types. In 

type 1, H2O2 and ferrous ion are electro-generated using a sacrificial 

anode and an oxygen sparging cathode [116]. In type 2, H2O2 is externally 

added while ferrous ion is produced from sacrificial anode as shown in 

Eq. (1.31) [117.]: 

Fe   →     Fe2+ + 2e-    .... (1.31) 

In type 3, ferrous ion is externally added and hydrogen peroxide is 

generated using an oxygen sparging cathode [118,119]. In type 4, 

hydroxyl radical is produced using Fenton reagent in an electrolytic cell 

and ferrous ion is regenerated through the reduction of ferric ions on the 

cathode [120,121]. However, electro-Fenton processes have problems 

with respect to H2O2 production. The generation of H2O2 is slow because 

oxygen has low solubility in water and the current efficiency is lower 

under reduced pH (pH < 3) [122]. In principle, the most promising 

electro-Fenton method is type 4, in which ferric ion is reduced to ferrous 

ion at the cathode. However, in this case too, Fe2+ regeneration is slow 

even at an optimal current density. The efficiency of electro-Fenton 

process depends on the nature of the electrode, pH, catalyst concentration, 

electrolytes, dissolved oxygen level, current density and temperature.  
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The continuous generation of •OH and regeneration of Fe2+ is 

presented in equations 1.32-1.34. 

O2 + 2H+ + 2e    H2O2  .... (1.32) 

Fe2+ + H2O2    Fe3+ + H2O + •OH  .... (1.33) 

Fe3+ + e    Fe2+  .... (1.34) 

The typically employed electrode materials in electro as well as 

electroFenton process are graphite, RVC (Reticulated Vitreous Carbon), 

Activated Carbon Fibre (ACF), carbon felt, and Gas Diffusion Electrodes 

(GDEs). The cell design is also an important factor in determining the 

efficiency of the reaction at varying concentrations of the pollutants. 

Various operational parameters that determine the rate of degradation in 

this technology are O2 feeding, stirring rate or liquid flow rate, 

temperature, solution pH, electrolyte composition, applied potential or 

current, concentration of the catalyst as well as of the pollutant. 

1.3.12.4 Selected relevant reports on the Fenton degradation of dyes  

Bouasla et al. [123] studied the degradation of methyl violet dye in 

aqueous solution using Fenton process. Effects of various experimental 

parameters on the oxidation reaction were investigated. The parameters 

include the initial pH, temperature, stirring velocity and the initial 

concentrations of FeSO4, of H2O2 and of the dye. The effect of FeSO4 as 

catalyst has been compared with those of other catalysts FeCl3 and Fe 

(NO3)3. The efficiency of degradation after 60 min of reaction, was  

97.6% under optimized conditions i.e., initial pH=3; [H2O2]0=2.1mM; 

[Fe2+]=0.06mM; for a concentration of dye [MV]0=0.06mM; temperature = 
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30°C. The results showed that the Fenton's reaction was effective for the 

degradation of methyl violet dye even with a low concentration of H2O2 

and Fe2+.  

The oxidative decolorization of Reactive Black 5 (RB5) in aqueous 

solution has been studied by Lucas and Peres using Fenton (H2O2/Fe2+) 

and photo-Fenton (H2O2/Fe2+/UV) processes [124]. Both methods can 

remove the color of RB5. Batch experiments were carried out to 

determine the optimal operational conditions and make the process 

competitive with other processes. The optimal conditions were 

[H2O2]0/[RB5]0 of 4.9:1, [H2O2]0/[Fe2+]0 of 9.6:1 and pH of 3.0. The 

decolorization experiments indicated that RB5 can be effectively 

decolorized using Fenton and photo-Fenton processes with almost same 

efficiency of 97.5% and 98.1%, respectively under optimal conditions. 

However, the difference is more in the case of TOC removal. With photo-

Fenton process the TOC removal is 46.4% while with Fenton process it is 

only 21.6% after 1hr of reaction. This indicates that although UV 

irradiation has only little enhancing effect on the decolorization of the 

dye, it is important in the mineralization.  

Combination of US and low concentration Fe2+ (<3 mgL-1) 

(US/Fenton) has been used to treat wastewater containing Acid black                

1 (AB1) [125]. The results show that the oxidation power of low 

concentration of Fenton reagent could be significantly enhanced by 

ultrasonic irradiation.   Many operational parameters, such as ultrasonic 

power density, the pH value, the Fe2+ and H2O2 dosage, AB1 concentration 

and the temperature, affecting the degradation efficiency were investigated. 
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Under the given test conditions, 98.83% degradation efficiency was 

achieved after 30 min reaction by US/Fenton. The effects of various 

inorganic anions (such as Cl-, NO3
-, CO3

2-, etc.) on the oxidation 

efficiency of US/Fenton were also studied. These anions inhibit the 

degradation of the dye significantly. The inhibiting effect of various 

inorganic anions was in the following order:  

SO3
2- > CH3COO- > Cl- > CO3

2- > HCO3
- >SO4

2- > NO3
- 

The results show that the US/Fenton can be an effective technology 

for the treatment of organic dyes in wastewater, provided the input 

parameters are identified and optimized.  

Youssef et al. [126] investigated Fenton reaction at normal 

temperature and atmospheric pressure for the degradation of Methyl 

orange. The effects of different parameters like H2O2 and Fe2+ dosages, 

initial concentration of the dye and pH of the solution on the oxidation of 

the dye are studied in detail. The results indicate that the dye can be most 

effectively oxidized at dye:Fe2+: H2O2 molar ratio of 1:3.5:54.2. It was 

found that more than 97.8% removal of the dye could be achieved in              

15 min at pH 2.79 at room temperature. The results are useful in designing 

proper treatment systems for wastewater containing various dyes. 

Ertugay et al. [127] investigated the degradation of Direct Blue 71 

(DB71) by Fenton’s oxidation process. The effect of initial pH, dosages 

of Fe2+ and H2O2, dye concentration and temperature on the color and 

COD removal was optimized in a batch reactor. Under optimal 

conditions, i.e.,   pH =3.0, Fe2+= 3 mgL-1 and H2O2 =125 mgL-1,  94% 
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color and 50.7% COD removal efficiency of the dye (100 mgL-1 aqueous 

solution) were achieved after 20 min of reaction. The Behnajady–

Modirshahla–Ghanbery (BMG) kinetic model provided the best 

correlation of the experimental data compared to the pseudo-first and 

second-order kinetic models. 

Comparison of classic and ultrasound Fenton process for treatment 

of industrial textile wastewater showed that the latter is more economical 

because the use of H2O2 and ferrous ions is comparatively less [128]. The 

degradation and mineralization of petrochemical wastewater containing 

phenol and nitrophenol with chemical oxygen demand (COD) at 

260 mg/L and total organic carbon (TOC) at 100 mg/L, were investigated 

by sono–photo-Fenton process [129].  The influence of operational 

variables such as pH, initial concentration of H2O2 and Ferrous ions on the 

removal of COD was investigated. The graphical response surface plots were 

employed to determine the optimum conditions. The operational variables 

optimized by the model were as follows: [Fe2+] = 24 mg/L, pH = 3 and 

[H2O2] = 500 mg/L. The results showed that at the predicted optimum 

conditions, the degradation and mineralization (removal of TOC) were 

76.1 and 68.7%, respectively after 60 min of reaction. Enhancement in the 

efficiency of the Fenton process, by combining it with oxidants such as 

O3, hypochlorite etc. and electrolysis, for the degradation of various dyes 

as well as their precursors and reaction intermediates also has been 

reported [130,131].   

Some of the recent reports on the application of various AOPs  

for the treatment of wastewater containing different types of dye 



Introduction  

51 

pollutants were reviewed above. Of the many AOPs discussed, 

photolysis/photocatalysis, sonolysis, electrolysis and Fenton process (and 

its combination with various forms of activation) are investigated in detail 

in the current study for the mineralization of Indigo Carmine dye 

pollutant. The best technique identified from the study, i.e. solar 

photocatalyticFenton, is applied for the removal of a variety of pollutants 

from water. The ‘previous’ wastewater is thus rendered reusable by this 

technique.  

 

…..….. 
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2.1  Main Objective 

Identification of eco-friendly, efficient and economical Advanced 

Oxidation Processes (AOPs) based on Electro, Sono, Photo and Fenton 

chemistry for the decontamination of water from multiple chemical 

pollutants in order to enable the reuse of the treated water appropriately.  

2.1.1 Specific Aims under the main objective 

 In depth investigation of photocatalysis using sunlight as the 

energy source and commercially available semiconductor 

oxides such as ZnO as catalyst for the removal of chemical 

pollutants from water. 

 Evaluation of the potential of inexpensive electrochemical 

processes for the decontamination of water from selected 

category of pollutants such as dyes. 
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 Extension of the investigations on sonolysis and sonocatalysis 

already in progress in our laboratory, towards the removal of 

toxic dye pollutants from water. 

 Investigations on the classic Fenton process from a different 

angle including its combination with other AOPs and the use of 

sunlight as the natural source of energy for the efficient 

decontamination of water with minimum Fe sludge formation. 

 Application of the most efficient AOP as identified from the 

study for the decontamination of water from multiple chemical 

pollutants. 

2.2  Analytical Procedures 

Analytical procedures used for the studies reported commonly in all 

Chapters i.e., H2O2 analysis, oxalic acid analysis, Chemical Oxygen 

Demand (COD), adsorption, .OH radical detection etc are as given below. 

Specific procedures pertaining to specific study are provided in respective 

Chapters. 

2.2.1 Estimation of H2O2 

H2O2 was analyzed by standard iodometry [132]. The oxidation of 

iodide ions by H2O2 was carried out in 1N sulphuric acid in presence of a 

few drops of saturated ammonium molybdate solution, which acts as a 

catalyst. The reaction was allowed to go to completion (5 minutes) in the 

dark. The liberated iodine was then titrated against a standard solution of 

sodium thiosulphate, (usually of 5 × 10-3 N) prepared freshly from 10-1 N 

stock solution. Freshly prepared starch was used as the indicator. 
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2.2.2 Estimation of oxalic acid 

Oxalic acid is estimated by the standard redox titration using 

potassium permanganate. Oxalic acid is the reducing agent and KMnO4 is 

the oxidizing agent. A standard solution of KMnO4 is prepared. H2SO4 is 

added to the oxalic acid solution before titration. The reaction between 

KMnO4 and oxalic acid is slow and hence the solution is heated to 60C 

to accelerate the rate of reaction. End point is change in color from 

colorless to light pink. 

2.2.3 Chemical Oxygen Demand (COD) 

Open reflux method is used to determine COD of the samples [132]. 

50 mL of the sample was pipetted out into a refluxing flask. HgSO4 (1g) 

was added along with several glass beads. 5 mL of sulfuric acid reagent 

(5.5g Ag2SO4 in 543 mL conc. H2SO4) were added slowly with mixing to 

dissolve HgSO4. The sample was cooled while mixing to avoid the 

possible loss of volatile material. 25 mL of 0.05 N K2Cr2O7 solution was 

also added and mixed well. Remaining (70 mL) sulfuric acid reagent was 

added through the open end of the condenser. The whole mixture was 

refluxed for 2 hours and cooled thereafter to room temperature. The 

mixture was diluted to 150 mL and the excess K2Cr2O7 was titrated 

against 0.05 N ferrous ammonium sulfate (FAS) solution using ferroin as 

the indicator. The end point was sharp change in color from blue-green to 

reddish brown. A blank was also carried out under identical conditions 

using the reagents and distilled water in place of the sample. 
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COD is calculated using the following Eq; 

COD as mg O2/L = 
(ି)× ×଼

୫ ୗୟ୫୮୪ୣ
   ...... (2.1) 

A  =  mL FAS used for blank 

B  =  mL FAS used for sample 

M  =  Molarity of FAS 

8000 =  milli equivalent weight of oxygen × 1000 mL/L 

2.2.4 Detection of hydroxyl radicals using photoluminescence 
spectra 

 

The formation of .OH radicals in the reaction system during the 

solar photocatalytic activation was tested by the photoluminescence (PL) 

technique using terephthalic acid (TPA) as the probe molecule [133]. 

Shimadzu model RF-5301 PC fluorescence spectrophotometer was used 

for recording the spectrum. If .OH is formed in situ in the system, it will 

react with TPA and form 2- hydroxyterephthalic acid (HTPA), which is a 

fluorescent molecule. The intensity of its PL will be proportional to the 

quantum of .OH present in the system. In this method, the reaction 

solution of the required concentration is mixed with aqueous solution of 

TPA (2×10-4M) and NaOH (2×10-3M) and irradiated by the activation source 

(light, ultrasound etc). The PL spectrum of the product HTPA is recorded 

periodically in the range of 400-450 nm. The PL intensity at 425 nm 

corresponds to the concentration of HTPA and hence of the .OH radicals 

formed in the system. 
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2.3  Materials Used 

2.3.1 Indigo Carmine 

Indigo Carmine (IC) (AnalaR Grade 99.5% purity) from Sisco 

Research Laboratories Pvt. Ltd (India) was used as such without further 

purification. IC (5, 5′-indigodisulfonic acid sodium salt) is an organic 

salt derived from indigo by sulfonation, which comes from tropical 

leguminous plants, Indigoferra species. IC is a redox indicator,             

turning yellow upon reduction. Toxicity of IC in terms of LD50 in rat is 

>2000 mg/kg. It has been used as an indicator substance in a number of 

analytical methods due to its sharp absorption peak. It is used as 

microscopic stain and also as diagnostic dye. It is also used as a food 

additive as well as in cosmetics and pharmaceuticals. IC is classified as 

a highly toxic indigoid dye. Contact with it can cause skin and eye 

irritation [134,135]. The chemical structure of Indigo Carmine is given 

in Fig. 2.1. 

 

 

Fig. 2.1: Structure of Indigo Carmine 
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       The main physicochemical properties of Indigo Carmine are given in 

Table 2.1 
 

Table 2.1: Physicochemical properties of Indigo Carmine 

Chemical formula C16H8N2Na2O8S2 

Molecular mass 466.35 g/mol 

Appearance Dark blue powder with coppery luster 

Solubility 1 g/L, Soluble in water, ethanol, insoluble 
in organic solvents 

Melting point >300C (572F) 

Absorption maximum (water) 608-612 nm 

Bulk density 700-900 kg/m3 

pH value 7 (10 g/L, H2O, 20C) 

Decomposition When heated to decomposition it emits 
very toxic fumes of sulfur oxide, nitrogen 
oxide, and sodium oxide 

 

2.3.2 Rhodamine B 

Rhodamine B (RhB) {molecular formula C28H31N2O3Cl, molecular 

weight: 479.01g/mole, IUPAC name: N-[9-(ortho-carboxyphenyl)-6-

(diethylamino)-3H-xanthen-3-ylidine]diethyl ammonium chloride}, used 

in the study (>99.6% purity) was from Sigma Aldrich India and was used 

as such without further purification. The dye exists in two molecular 

forms i.e., cationic and zwitter ionic forms. The absorbance of RhB 

solution at 554 nm (n → π* transition of C=N, C=O groups) in the UV-Vis 

spectra is used to monitor the decolorization. It has wide applications 

such as in dyeing and printing in textile, paper, paints, leathers etc., and as 

intermediate in the production of pesticides, synthetic polymers etc. It is 

primarily a water pollutant and the removal of color from effluents is 
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aesthetically as well as environmentally important. Further, even a small 

quantity of the dye in water can be toxic to humans. Harmful health 

effects include mutations, cancer, allergic dermatitis, skin irritation, 

burning of the eyes, excessive tearing, nasal burning, chest pain/tightness, 

cough, headache, nausea etc. [136]. The toxicity in terms of LD50 (mice) 

is 887 mg/kg. The chemical structure of RhB is given in Fig. 2.2. 

 

Fig. 2.2: Structure of Rhodamine B 
 

Since RhB is suspected to be carcinogenic, products containing the 

dye must carry a warning on its label. Cases of economically motivated 

adulteration, where RhB was illegally used to impart red color in food and 

cosmetics industry have been reported from some countries. Typical 

properties of RhB are presented in Table 2.2. 

Table 2.2: Physicochemical properties of Rhodamine B 

Chemical formula C28H31ClN2O3 
Molecular mass 478.68 g/mol 
Appearance Red to violet powder 
Solubility in water    1̴5 g/L (20C) 
Melting point 210-211C (410 to 412F, 483-484K) (Decomposes) 
Specific Gravity 1.31 
Stability Stable. Incompatible with strong oxidizing agents 
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2.3.3 Diquat 

Diquat dibromide monohydrate (99.9%) obtained from Sigma- 

Aldrich was used as such without further purification. Diquat is a 

dipyridyl compound which is the active ingredient in some herbicide 

compounds and most often available as the dibromide; Diquat dibromide. 

It produces desiccation and defoliation. On a global basis, two-thirds of 

the volume of Diquat is used for preharvest desiccation to aid the 

harvesting of seed and fodder crops whereas one-third is sold as a weed 

killer. Diquat is also used (at or below 1 mg/L) as an aquatic herbicide for 

the control of free-floating and submerged aquatic weeds in ponds, lakes 

and irrigation ditches. It acts quickly to damage only those parts of the 

plant where it is applied. Diquat bonds strongly to mineral and organic 

particles in soil and water and remains without significant degradation for 

years [137]. The structure of Diquat is given in Fig. 2.3. 

 

  

Fig. 2.3: Structure of Diquat 

 

Diquat is moderately toxic. It may be fatal to humans if inhaled, 

swallowed or absorbed through skin in large quantities. Rapid and 

extensive photochemical degradation occurs in presence of sunlight. The 

LD50 of Diquat is 25 to 50 mg/kg (oral, rat). Some of the relevant 

properties of Diquat are given in Table 2.3. 
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Table 2.3: Physicochemical properties of Diquat 

Chemical formula C12H12Br2N2 
Molar mass 344.05 gmol-1 
Appearance Yellow crystals 
Boiling point Decomposes at or below boiling point 
Melting point 335C (635F, 608K) 
Density 1.22-1.27 g/cm3 
Vapor pressure ˂ 0.00001 mmHg (20C) 
Solubility Soluble in water (70% at 20C), practically 

insoluble in organic solvents 
Specific gravity 1.61 g/cm3 
Hydrolysis pH 5-7 (stable); pH 9 (slight hydrolysis) 

 
 

2.3.4 Diclofenac 

Diclofenac from Alfa Aesar (purity 99%) was used as such without 

further purification. Its chemical name is 2- (2, 6-dichloranilino) phenylacetic 

acid. Diclofenac is a non-steroidal anti-inflammatory drug (NSAID) used 

to treat pain associated with conditions like migraine, rheumatoid arthritis, 

gout, sprains of muscles and joints. Use of Diclofenac reduces these 

symptoms and helps the patient to lead normal daily activities. Diclofenac is 

widely detected in surface waters and can potentially cause deleterious 

effects in fish and can adversely affect marine ecosystem. It is extremely 

toxic and can readily undergo phototransformation reactions in the 

environment [138]. Toxicity is LD50=390 mg/kg (orally in mice). The 

structure of Diclofenac is given in Fig. 2.4. 

 
Fig. 2.4: Structure of Diclofenac 
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Table 2.4: Physicochemical properties of Diclofenac 

Chemical formula C14H11Cl2NO2 

Appearance Crystals from ether-petroleum ether 

Molecular mass 296.148 g/mol 

Solubility in water 2.37mg/L (at 25C) 

Melting point 283-285C 

Vapour pressure 0.0 ± 1.0 mmHg at 25°C 

Density 1.4 ± 0.1 g/cm3 

Boiling point 412.0 ± 45.0°C at 760 mmHg 

 

2.3.5 Phenol 

Phenol of AnalaR Grade (99.5% purity) from Qualigen (India) was 

used as such without further purification. Phenol is often used as a model 

pollutant in wastewater remediation studies. Phenol is commonly 

employed in the manufacture of phenolic resins, bisphenol A, 

caprolactam and chlorophenols [139]. Phenols are being discharged into 

the waters from various industrial processes such as oil refineries, ceramic 

plants, petrochemical plants, coal conversion processes and phenolic resin 

industries. It is toxic and harmful to living organisms even at low 

concentrations. Phenol and its derivatives pose serious threat to many 

ecosystems, water supplies and human health because of their toxicity, 

inertness, endocrine disrupting abilities and carcinogenic behavior. The 

use of phenol-contaminated waters causes protein degeneration, paralysis 

of the central nervous system and also damages the kidney, liver and 

pancreas in human bodies. Based on the recommendations of World 

Health Organization (WHO), the permissible concentration of phenolic 

contents in potable water is 1 g/L and the regulations by the Environmental 
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Protection Agency (EPA), call for lowering phenol content in wastewaters to 

less than 1mg/L. The removal of phenols from water and wastewater is an 

important issue in order to protect public health and the environment [140]. 

The structure of phenol is shown in Fig. 2.5. 

 

 

Fig. 2.5: Structure of Phenol 

 

Table 2.5: Physicochemical properties of Phenol 

Chemical formula C6H6O 
Molecular mass 94.11 g/mol 
Appearance Transparent crystalline solid 
Solubility in water 8.3 g/100 mL (20C) 40.5C (104.9F, 313.6K) 
Boiling point 181.7C (359.1F, 454.8K) 
Stability Stable. Incompatible with strong oxidizing agents 
Density 1.07 g/cm3 
UV-vis (λmax) 270.75 nm 

 

2.3.6 Carbendazim  

Carbendazim is a systemic benzimadazole fungicide that has 

extensive application. It is used to control diseases in cereals, fruits, 

vegetables and ornamental plants. It is also used for seed pre-planting 

treatment and postharvest food storage. The fungicidal action of 

carbendazim involves inhibition of the development of the fungi by 
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interfering with spindle formation at mitosis (Mitosis is a process where a 

single cell divides into two identical daughter cells). The LD50 of 

carbendazim is 10,000 mg/kg [141]. Carbendazim is identified as an 

endocrine disruptor. It also affects the number of chromosomes in human 

even at low exposures by inhibition of polymerization of tubulin, the 

protein that is essential for segregation of chromosome during cell 

division. Carbendazim gets strongly adsorbed to sediments thereby 

affecting the aquatic organisms. It is toxic to earthworm and non-target 

plants. The structure of carbendazim is shown in Fig. 2.6. The physico-

chemical properties of carbendazim are shown in Table 2.6. 

 

 

 

Fig. 2.6: Structure of Carbendazim 

 

Table 2.6: Physico-chemical properties of carbendazim 

IUPAC name  Methyl 1H-benzimidazol-2-ylcarbamate  

Chemical formula  C9H9N3O2  

Appearance  Light Grey Powder  

Molar mass  191.187g/mol  

Density  1.45 g/cm3  

Melting point  302 to 307 °C (576 to 585 °F; 575 to 580 K)  

Solubility in water  8mg/L  

Acidity (pKa)  4.48  

UV- Vis (λ max)  284 nm  
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2.3.7 Paracetamol  

Paracetamol, also known as acetaminophen or APAP, is a medicine 

used to treat pain and fever. It is classified as a mild analgesic. Acute 

overdoses of paracetamol can cause potentially fatal liver damage. 

Gastrointestinal complications such as stomach bleeding are also reported 

when high doses are taken chronically. Kidney damage is seen in rare 

cases, most commonly in overdose. It can also cause severe skin reactions 

like Stevens–Johnson syndrome and toxic epidermal necrolysis. It is the 

most common cause of acute liver failure in both the United States and the 

United Kingdom. Hence accumulation of paracetamol in water bodies, soil, 

and other components of environment can ultimately reach humans and 

other living beings which will be extremely harmful to the biodiversity. 

The LD50 of paracetamol is 2000 mg/kg. The structure of paracetamol is 

shown in Fig. 2.7.  Important physical properties are listed in table 2.7 

 

Fig. 2.7:  Structure of Paracetamol 

 

      Table 2.7: Physico-chemical properties of Paracetamol 

Molecular formula  C8H9NO2  
Molar mass  151.163 g/mol  
Density  1.263 g/cm3  
Melting point  169 °C (336 °F)  
Boiling point  420 °C (788 °F)  
Solubility in water  12.78 g/kg (20 °C)  

~14 mg/mL (20 °C)  
UV- Vis (λ max)  243nm  
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2.3.8 Acteophenone (ACP)  

Acetophenone is a colourless to yellow-tinted liquid with a sweet 

strong odour resembling the odour of oranges. It is the simplest aromatic 

ketone. Acetophenone comes mainly as a byproduct of the phenol-acetone 

synthesis in the cumene oxidation process to cumene hydroperoxide. It is 

used as a solvent for synthesis of pharmaceuticals, chemicals, dyestuffs 

and corrosion inhibitors; as flavouring ingredient in fruit flavours; as 

catalyst for the polymerization of olefins; as fragrance ingredient in soaps, 

detergents, creams, lotions, perfumes etc.. Structure of ACP is given in 

Figure 2.8.  Physico chemical properties are given in Table 2.8. 

 

 
Fig. 2.8: Structure of Acteophenone 

 

Table 2.8: Physico-chemical properties of Paracetamol 

Chemical Name Acetophenone 
Molecular formula C8H8O 
Molecular weight 120.16 g/mole 
Melting point 19.7C 
Boiling point 201.7C 
Specific gravity 1.0296 @ 20C 

Density 1.028 g/cm3 
Vapour pressure 0.33 mm Hg @ 20°C 

Solubility in water 5.5 g/L @ 25°C 
Viscosity 1.62 cP @25°C 
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The LD50 is 815 mg/kg [142]. Acute exposure of humans to 

acetophenone vapour may produce skin irritation and transient corneal 

injury.  

Oral exposure has been observed to cause hypnotic or sedative 

effects, haematological effects, and a weakened pulse in humans, 

gastrointestinal irritation with nausea, vomiting and diarrhoea, central 

nervous system depression characterized by excitement followed by 

headache, dizziness, drowsiness, and nausea. Advanced stages may cause 

collapse, unconsciousness, coma and possible death due to respiratory 

failure. 

2.3.9 Zinc oxide (ZnO) 

ZnO (99.5%) used in the study was from Merck India Limited. Zinc 

oxide usually appears as a white powder, nearly insoluble in water. It is 

present in earth crust as a mineral, zincite. It is often called II-VI 

semiconductor because zinc and oxygen belong to the 2nd and 6th groups 

of the periodic table, has ionicity at the borderline between the covalent 

and ionic semiconductors. Most of the group II–VI binary compound 

semiconductors crystallize in either cubic zinc blende or hexagonal 

wurtzite (Wz) in which each anion is surrounded by four cations at the 

corners of a tetrahedron, and vice versa. This tetrahedral coordination 

gives rise to polar symmetry along the hexagonal axis, which is the reason 

for a number of specific properties of ZnO. The wurtzite structure is 

thermodynamically stable at ambient pressure and temperature. Zinc 

blende is stable only by growth on cubic structures and the rocksalt 

structure is a high-pressure metastable phase which is formed at ̴ 10 GPa 
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[143]. The structures of rocksalt (or Rochelle salt), zinc blende, and 

wurtzite forms of ZnO are schematically shown in Figure 2.9 [144]. 

 

 
Fig. 2.9:  Structure of ZnO: Stick-and-ball representation of ZnO crystal 

structures: (a) cubic rocksalt, (b) cubic zinc blende, and                           
(c) hexagonal wurtzite. Shaded gray and black spheres denote Zn 
and O atoms, respectively 

 

Zinc oxide is a non-toxic amphoteric oxide. It is nearly insoluble in 

water and alcohol, but is soluble in most of the acids. It has high catalytic 

efficiency, low cost, moisture stability and reusability. It is abundant in 

nature. The powder is widely used as an additive for numerous materials 

and products including semiconductors, plastics, ceramics, glass, cement, 

rubber, lubricants, paints, ointments, adhesives, sealants, pigments, foods, 

batteries, ferrites, fire retardants, first-aid tapes etc. Zinc oxide also has 

antibacterial and deodorizing properties. It has a band gap of Eg=3.4 eV 

at low temperature and 3.37 eV at room temperature. The free exciton 

binding energy is 60 mV at room temperature. Because of large band gap, 

it has the ability to sustain large electric fields, higher breakdown voltages, 

lower electronic noise, high temperature and high-power operations. 
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ZnO crystals are almost always n-type, even in the absence of 

intentional doping. Controllable n-type doping can be easily achieved by 

substituting Zn with group-III elements such as Aluminium, Galium, 

Indium or by substituting oxygen with group-VII elements like chlorine or 

iodine. These facts combined with its lower cost make ZnO a promising 

alternative to TiO2 in photocatalysis. Photodegradation mechanism is also 

similar in the case of ZnO and TiO2, though, at acidic pH range ZnO is 

considered to be less efficient due to its corrosion. The electronic and 

photocatalytic properties of ZnO solely depend on its crystal structure, 

surface area, particle morphology, density and crystallographic orientation 

which in turn depend on the method of preparation. Crystalline zinc oxide 

is thermochromic in nature, changing from white to yellow colour on 

heating and reverting to white on cooling in air. Some of the physical, 

chemical and electronic properties of ZnO are listed in Table 2.9 

Table 2.9: Properties of Zinc oxide 

Crystal structure Quartzite 
Molar mass 81.408 g/mol 
Appearance White solid 
Odor Odorless 
Solubility in water 0.16 mg/100 mL (30C) 
Density 5.606 g/cm3 
Melting point 1975C (decomposes) 
Boiling point 2360C 
Band gap 3.3 eV (direct) 
Photoluminescence 375 nm 
Exciton binding energy 60 meV 
Refractive index (nD) 2.0041 
Electron effective mass 0.24 
Hole effective mass 0.59 
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In addition to above mentioned properties, ZnO also has advantages 

such as large piezoelectric constant, large non-linear optical coefficient, 

availability of large single crystals, amenability to wet chemical etching, 

radiation hardness etc [145,146]. It also has several favorable properties 

like good transparency, high electron mobility, strong room-temperature 

luminescence etc., which are important in photocatalysis. 

2.3.10 Potassium persulphate (K2S2O8) (PS) 

Potassium persulphate (~99%) from Qualigen (India) was used as 

such without further purification. Persulfate (S2O8
2-) is one of the 

strongest oxidants and has higher potential (E0=2.01 V) than H2O2 

(E0=1.76 V). Persulphate (PS) is also called peroxydisulphate or 

peroxodisulphate (PDS). It has some advantages over other oxidants. It is 

a solid at ambient temperature, is easy to store and transport, has high 

stability, high aqueous solubility and relatively low cost. At ambient 

temperature, reactions of persulphate with organic pollutants are generally 

slow and activation of persulphate is necessary to accelerate the process. 

It is commonly activated by UV light, MW, transition metals, heat, use of 

ferrous ion, minerals, carbon etc resulting in the formation of reactive free 

radicals such as SO4
-. [147]. The activation initiates radical formation 

through reduction of persulphate forming sulfate radical (SO4•-) [148,149].  

These radicals can enhance the degradation of organics. Important 

properties of typical persulphate salt (Potassium persulphate) are given in 

Table 2.10. 
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Table 2.10: Properties of Potassium persulphate 

Molecular formula K2S2O8 

Crystal structure Triclinic 

Molecular weight 270.309 g/mol 

Colour Colourless (white crystalline) 

Odour Odourless 

Density 2.477 g/L 

Stability Gradually decompose losing avail Oxygen 

pH Acidic 

 

2.3.11 Hydrogen peroxide (H2O2) 

H2O2 (30.0% w/v) obtained from Qualigen (India) was used as 

such without further purification. Hydrogen peroxide (HP) in its pure 

form is a colorless liquid and is used as a powerful oxidizing agent. 

However it can act as strong reducing agent for strong oxidants. The 

major by-product of H2O2 reaction is water and is hence considered to be 

safer environmentally. Therefore it is a preferred oxidizer in many 

industries, as it does not create any hazardous wastes. For safety reasons it 

is normally used as an aqueous solution. H2O2 is denser than water, but is 

miscible with water in all proportions. Aqueous solution of H2O2 appears 

like water but has a faint, pungent odor. It is a non-combustible liquid, but 

heat and oxygen released during decomposition can ignite combustible 

materials [150]. It is used as a bleaching agent and disinfectant. 

Concentrated hydrogen peroxide is used as a propellant in rocketry. When 

it decomposes, it forms water and releases oxygen (Eq. 2.2). 

H2O2 → H2O +1/2 O2    ..... (2.2) 
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The primary factors which must be controlled to prevent increased 

rate of H2O2 decomposition are temperature, contamination and pH. 

Heterogeneous decomposition of hydrogen peroxide is localized on the 

surface of solid catalysts, usually metals. Excessive concentration of H2O2 

would act as a radical scavenger reducing the rate of oxidation, while too 

low H2O2 dosage generates insufficient hydroxyl radicals and decrease 

the oxidation rate. The characteristics of H2O2 are summarized in Table 

2.11 [150]. 

 

Table 2.11: Characteristics of Hydrogen peroxide 

Molecular formula H2O2 

Structure 
  
Molar mass 34.0147 g/mol 

Appearance Colorless in solution 

Odor Odorless 

Density 1.135 g/cm3 (20C) (30%), 1.450 g/cm3 (20C, pure) 

Melting point -0.43C (31.23F; 272.72K) 

Boiling point 150.2C (302.4F; 423.3K) (decomposes) 

Freezing point -26C-15F (30%) 

Solubility in water 100% 

Oxidizing Properties Strong oxidizer 

pH < = 3.7 

5.0-6.0 @ 25C (1% solution) 

Stability Stable (heat and contamination could cause 
decomposition) 

Refractive index (D) I.4139 
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2.3.12 Ferrous sulphate (FeSO4) 

FeSO4.7H2O (FS) used in the study was obtained from Qualigen 

(India). It is a greenish or yellow-brown colored crystalline solid. It has a 

density of 2.84 g/cm3, melts at 64C and loses hydration at 90C. It is 

used in AOP as an important reagent in Fenton reactions for water 

purification. It is a white orthorhombic crystal, hygroscopic and soluble in 

water. Ferrous sulphate rapidly oxidizes and becomes coated with 

brownish yellow ferric sulphate in presence of moist air. The rate of 

oxidation is enhanced by the addition of alkali or by exposure to light. FS 

is known as copperas and as green vitriol. Upon dissolving in water, the 

ferrous sulphate forms metal aquo complex [Fe (H2O)6]
2+, which is 

almost a colorless, paramagnetic ion. Decomposition of iron (II) sulphate 

begins at about 680C (1,256F) as in Eq. (2.3). 

2 FeSO4 → Fe2O3 + SO2 + SO3   ...... (2.3) 

 

Typical characteristics of FeSO4 are given in table 2.12 

 

Table 2.12: Characteristics of Ferrous sulphate 

Chemical formula FeSO4 

Appearance Greenish or yellow-brown crystalline solid 

Molar mass  151.908 g/mol 

Density 2.84 g/cm³ 

Melting point 70 °C 

Soluble in  Water 
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2.3.13 Miscellaneous materials 

Relevant information on various other materials used in the study 

and their characteristics are provided in the respective Chapters. 

2.4  Plan of the Thesis 

The current thesis is presented 8 Chapters. Each Chapter has its own 

specific objectives, experimental procedures, results, discussion and 

conclusions.  

Chapter 1: Introduction 

This Chapter gives an overview of the relevant literature and 

discussions on various types of AOPs with special focus on 

the application of activation sources such as UV light, 

sunlight and ultrasound (US). Recent developments in 

electrochemical and Fenton based processes for water 

purification are also discussed. The advantages of combination 

processes are highlighted and critically analyzed.  

Chapter 2: Objectives of the study, Materials used, General Procedures, 

Plan of the Thesis 

This Chapter describes the main objective and specific aims 

of the study and outlines the activities undertaken to 

accomplish the objectives/aims. Relevant characteristics             

of various materials used, in particular, are also briefly 

discussed. The Chapter also provides the general layout of 

the Thesis. 
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Chapter 3: Solar photocatalysis mediated by ZnO for the 

decontamination of water from Indigo Carmine dye 

pollutant 

This Chapter deals with studies on the photocatalytic 

degradation of IC in presence of semiconductor oxide 

catalyst ZnO and oxidants such as peroxide and persulphate. 

Details of experimental procedures followed, analytical 

methods and the results are presented and dicussed. Solar 

photocatalysis mediated by ZnO is identified as an efficient 

environment-friendly method for mineralization of the dye IC 

in water and bring down the chemical oxygen demand (COD) 

to ‘nil’. The previous wastewater thus becomes fit for reuse 

for the purpose for which the corresponding fresh water was 

initially used. 

Chapter 4: Electrochemical AOPs for the decontamination of water 

from Indigo Carmine dye pollutant.  

This Chapter deals with the electrochemical degradation of 

IC using different combination of electrode-electrolyte 

systems. BiO2-TiO2/Ti anode and graphite rod cathode with 

Na2SO4 as the electrolyte (BiO2-TiO2/Ti - graphite -Na2SO4) 

is identified as the most efficient system for the complete 

mineralization of Indigo Carmine. Absence of any 

consumable chemicals or other additives makes the process a 

potential economically viable candidate for water treatment. 

The system is efficient even at its normal pH which makes it 
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even more attractive.  BiO2-TiO2/Ti – SS - NaCl is more 

efficient for the decolorization of the dye. However insitu 

formation of chloro compounds which degraded only slowly 

makes the process inefficient for mineralization. The 

observations are discussed in detail and tentative conclusions 

are derived. 

Chapter 5: Ultrasound as the source of activation in AOPs for the 

decontamination of water from Indigo Carmine dye 

pollutant 

The sonochemical degradation of IC under various reaction 

conditions is experimentally tested and the results are 

analyzed in this Chapter. Sonocatalysis mediated by ZnO and 

promoted by persulphate is a moderately efficient AOP for 

the decolorization and mineralization of IC. The efficiency of 

electrolysis, photocatalysis and sonocatalysis for the 

mineralization of IC is compared and discussed in this 

Chapter.  

Chapter 6: Fenton and Fenton based hybrid AOPs for the 

decontamination of water from Indigo Carmine dye pollutant 

This Chapter discusses the application of various types of 

Fenton processes in water treatment. Classic Fenton reaction 

using simple ferrous salt and H2O2 under ambient conditions 

is identified as an effective AOP for the removal of traces of 

IC from water. The disadvantage of Fe sludge formation from 
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accumulated Fe3+/Fe2+ is overcome by enhancing the 

efficiency of the process through hybridization with other 

AOPs, ie, sonolysis, photolysis and electrolysis.  

Solar photoFenton is identified as a highly efficient process 

for the decolorization of IC while Solar photocatalyticFenton 

mediated by ZnO is the most efficient hybrid process for 

mineralization. The efficiency of various processes for the 

decolorization/mineralization of IC is compared and discussed 

in this Chapter in detail. 

Chapter 7:  Solar photocatalyticFenton process as a highly efficient 

AOP for the mineralization of multiple chemical pollutants 

in water 

This Chapter describes the results of the investigation on the 

efficiency of solar photocatalyticFenton process for the 

mineralization of multiple chemical pollutants. Dyes, 

pesticides, petrochemicals and pharmaceuticals were used in 

the study under laboratory conditions as well as field 

conditions. Natural river water is used as the matrix for field 

conditions. Cross contamination by various organic 

chemicals does not influence the efficiency of the process 

which makes it an economically viable and environmentally 

safer method for water decontamination.  
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Chapter 8:  Summary and Conclusions  

This Chapter summarises the findings of the investigation 

and the salient conclusions. Photocatalysis, Electrolysis, 

Sonolysis, Classic Fenton, SolarFenton, SonoFenton, Solar 

photocatalyticFenton and ElectroFenton have been identified 

as potential AOPs for the decontamination of water from 

chemical pollutants. Solar photocatalyticFenton process 

mediated by ZnO is identified as the most efficient AOP for 

the mineralization of multiple chemical pollutants from 

water. The versatility of the process as an environment-

friendly tertiary water treatment tool is demonstrated by the 

complete mineralization of diverse chemical pollutants such 

as pesticides, pharmaceuticals, petrochemicals and dyes. The 

technique is applicable even under field conditions with 

natural river water as the matrix.   

 

…..….. 
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3.1 Introduction 

Dyes are used extensively in many of the modern day materials 

including textiles, paints, food, pharmaceuticals, printing and a host of 

industries. The production, processing and application of various dyes 

will result in contamination of water with toxic and recalcitrant materials 

which are resistant to destruction by conventional physicochemical and 

biological treatment. In particular, the textile industry consumes large 

quantities of water during the dyeing and finishing operations. Even the 

best treatment method may not be capable of removing the last traces of 

coloring agents completely. In addition to the toxicity and other health 

hazards, the dye pollutants also reduce the light penetration through the 

contaminated water resulting in inhibition of photosynthesis and ultimate 

destruction of organisms living in those water bodies. Conventional 
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techniques such as adsorption, ultra filtration, reverse osmosis, extraction 

etc. are non-destructive and they simply transfer the organic pollutants 

from water to another medium or end up as sludge. Thus the pollution 

continues unabated from a different source. Hence it is imperative that 

viable environment-friendly techniques are developed for the mineralization 

of the pollutants and the decontamination of water to make it safer and 

reusable. 

Semiconductor oxide-mediated photocatalysis is fast becoming an 

efficient Advanced Oxidation Process (AOP) for the removal of chemical 

and bacterial pollutants from water [151-157]. The pioneering discovery 

of the photosensitization effect of TiO2 electrodes on the electrolysis of 

water into H2 and O2 by Fujishima and Honda [158] has laid the foundation 

for extensive research on this phenomenon. Among the semiconductors 

tested so far, TiO2 and ZnO are identified as highly efficient for the 

removal of variety of water pollutants. Semiconductor photocatalysis has 

also been widely investigated as a potential candidate for the efficient 

conversion of solar energy into chemical energy. Photocatalysis is also 

attracting the attention of researchers worldwide as a ‘green technology’ 

for the detoxification of harmful compounds in both water and air without 

utilizing or producing hazardous materials [159-162].  

The advantages of ZnO and TiO2 as photocatalysts include their 

favorable physicochemical properties, low cost, easy availability and low 

toxicity. They have identical band gap, i.e. (ZnO)Ebg = 3.2 eV, anatase 

(TiO2) Ebg = ~3.2 eV and rutile (TiO2), Ebg = ~3.0 eV. They can absorb 

light mainly below 400 nm, which is in the UV range that constitutes less 
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than 5% of sunlight. Many studies have been reported on the modification 

of semiconductor oxides in order to extend the absorption of light into the 

visible range. These include dye sensitization, semiconductor coupling, 

impurity doping, use of coordination metal complexes and noble metal 

(Pt, Pd, Au, Ag etc) deposition [163-165]. The resulting enhancement in 

the photocatalytic degradation of organics is attributed partially to the 

increased light absorption. The metals also act as electron traps promoting 

the interfacial charge transfer and thus delaying the recombination of the 

electron-hole pair. Current status of visible light active TiO2 photocatalysis 

for environmental applications has been summarized in recent reviews by 

Pelaez et al. [164] and Wang et al. [165]. 

In spite of the comparable physicochemical characteristics of ZnO 

and TiO2, the former is more active in the visible region for the 

photocatalytic decontamination of water containing variety of organic 

pollutants such as pulp mill bleaching wastes, phenol, dyes and/or heavy 

metals [166-169]. The advantages of ZnO for visible light harvesting arise 

from its relatively better absorption of larger fraction of solar spectrum 

and light quantum [28]. Most widely used form of ZnO in photocatalysis 

is of wurtzite structure.  The light scattering effect of ZnO is comparatively 

less due to its lower refractive index (ZnO: 2.0, TiO2: 2.5-2.7) which is 

also favorable for better photocatalytic efficiency. In spite of these 

advantages, the number of research publications on the use of ZnO as an 

effective environmental photocatalyst is much less compared to TiO2. 

This may be due to the perceived instability or photo-corrosion of ZnO 

under acidic conditions resulting in catalytic inactivation over time.   
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Indigo Carmine (IC) (3,3’-dioxo-1,3,1’,3’-tetrahydro-[2,2’]-bi-

indolylidene-5,5’-disulphonic acid disodium salt), also known as acid 

blue 74 (AB74), is an important industrial dye used for dyeing of clothes 

and also for medical diagnostic purposes. It can also help to target 

biopsies even better since the homogeneously stained or unstained areas 

can be correlated with intraepithelial neoplasia [170]. More details on the 

chemistry of the dye, its physicochemical characteristics etc are provided 

under Section 2.3.1, Chapter 2. 

Few investigations on the removal of IC from water using AOPs 

have been reported [171-175]. Our earlier studies revealed that ZnO can 

be used as an effective photocatalyst for the degradation of many organic 

pollutants such as phenol, α- methyl styrene, acetophenone, diquat 

(herbicide) etc. in water using sunlight as the source of energy [176]. In 

the current study the possibility of using ZnO as a solar photocatalyst for 

the removal of IC is investigated. The dye is chosen since it is one of the 

least investigated dye pollutants under photocatalysis. The influence of 

various operational parameters such as concentration of the pollutant, pH, 

catalyst loading,  temperature, presence of salt contaminants, dissolved O2 

etc. on the rate of removal of the dye and the reaction kinetics are 

investigated. Probable intermediates are also identified.    

3.2 Experimental details 

3.2.1 Materials Used 

Zinc oxide (~99% pure) supplied by Merck (India) Ltd. is used as 

such without further purification. The average particle size was around  

15 × 10-2µm and the BET surface area was ~12 m2/g. Characterization 
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using Scanning Electron Microscopy (SEM) and X-ray diffractogram 

(XRD) measurements (as reported later in this Chapter) confirmed the 

consistency of the physicochemical characteristics of ZnO used with 

those reported in literature [28].  H2O2 (30.0% w/v) and Persulphate (PS) 

(purity ~99%) were from Qualigen (India). IC (Extra Pure Grade > 99.5% 

purity) was from Sisco Research Laboratories Pvt. Ltd (India) and was 

used as such without further purification. Double distilled water was used 

in all the experiments. All other chemicals used were of AnalaR Grade or 

equivalent unless indicated otherwise. Detailed chemistry of various 

materials used is discussed in Chapter 2. 

3.2.2 Solar photocatalytic Experimental set up 

The solar photocatalytic experiments were performed in a pyrex 

glass reactor. The reactor was placed in a tray through which water from 

a thermostat maintained at the required temperature was constantly 

circulated. The dye solution, ZnO and the additives (as and when 

required) were taken in the reactor. The suspension was stirred 

frequently to ensure uniform mixing. The experimental setup is 

presented in figure 3.1. For solar experiments, the reactor assembly was 

placed on the roof top of our laboratory at Kochi, Kerala, India (90 57’ 

51” N, 760 16’ 59” E) during sunny days from October (2015) to May 

(2017). UV irradiation was done in the laboratory using a 400 W 

medium pressure mercury vapor lamp. A reference sample under exactly 

identical conditions is kept with every experiment to ensure consistency 

and reproducibility of the data especially with solar irradiation. In case 
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the reference sample data is not reproducible such experiments are 

repeated multiple times until the results are reproducible.  

 

 

Fig. 3.1: Solar photocatalytic experimental set up 

3.2.3 Analytical procedures 

Samples from the reactor were drawn periodically, centrifuged for 

removing traces of fine suspended particles, if any and analyzed for the 

IC concentration by UV-VIS Spectrophotometry at 609 nm. High 

Performance Liquid Chromatography coupled with Mass Spectrometry 

(HPLC/MS) (Waters Xevo G2 Q-TOF) was used to identify the reaction 

intermediates. Suspension kept under identical conditions in the dark was 

used as the reference in each case to eliminate the contribution from 

adsorption towards the reduction in the IC concentration. H2O2 was 

Thermocouple 

Reaction solution/ 
suspension 
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estimated by standard iodometry. COD was determined at different times 

of reaction as explained in Section 2.2.3, Chapter 2.      

3.3 Results and Discussion 

3.3.1 Catalyst Characterization 

The catalyst ZnO used in the study was characterized by various 

methods such as surface area measurements, particle size analysis, pore 

size distribution, adsorption, X-ray Diffraction (XRD), Scanning Electron 

Microscopy (SEM) and Transmission Electron Microscopy (TEM). The 

BET surface area of ZnO is ̴ 12 m2/g. Pore size analysis was made using 

Micrometrics Tristar surface area and porosity analyser. The results are 

shown in Fig. 3.2. The distribution of pore size is in the range 30-180 Å. 

The average pore width and pore volumes are 139 Å and 3.5×10-4 cm3/g 

respectively. 

XRD analysis of the ZnO powder using Bruker D2 PHASER X-Ray 

powder analyzer within the diffraction angle (2θ) of 10-800 shows highly 

crystalline phase of pure hexagonal wurtzite structure. XRD pattern of 

ZnO is shown in Fig. 3.3. The profile is matching with the reference 

provided by the International Centre for Diffraction Data (ICDD) PDF of 

00-003-0888 for ZnO. 100% intensity peak was observed at 2θ of 36.04. 

Other major characteristic peaks are at 2θ values of 31.360, 34.210, 

56.370 and 69.010. The five peaks correspond to the crystalline planes 

100, 002, 101, 011 and 110 respectively. 
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Fig. 3.2: Pore size distribution of ZnO 

 

 

Fig. 3.3: XRD pattern of ZnO 

 

The SEM image of ZnO is recorded using JEOL Model JSM - 6390LV. 

Fig. 3.4 gives the SEM image. The particles are rod-shaped with an 

average particle size of ~ 0.1 μm. 
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Fig. 3.4: SEM image of ZnO 
 

The morphology, size distribution and surface characterization of 

ZnO were further verified by Transmission Electron Microscopy (TEM) 

using JEOL JEM-2100 equipment.  Fig. 3.5 gives the TEM image of ZnO 

used. 

 

Fig. 3.5: TEM image of ZnO 
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The particles are of rod shape in the size range 0.09 to 0.2 μm. In 

general, the particle size distribution is in the range of 0.1 to 0.2 μm. 

The reflectance spectrum of ZnO (Fig. 3.6) shows that it absorbs 

light mostly in the UV region below 400nm.  
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Fig. 3.6: Reflectance spectrum of ZnO 

 

The characteristics of the FTIR spectrum (Fig 3.7) of the sample 

used are comparable with those reported in literature for ultra pure 

ZnO. 
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Fig. 3.7: FTIR spectrum of ZnO 

 

The identity of ZnO used in the study is reconfirmed from the 

characterization as above.  

3.3.2 Preliminary photocatalytic experimental results 

Sunlight (SL) induced photocatalytic degradation of trace amounts 

of IC in water in presence of ZnO is investigated under various reaction 

conditions. No degradation of IC takes place in the absence of catalyst 

and light indicating that these two components are essential for the 

degradation.  The results are shown in figure 3.8.  The pH of the reaction 

system was maintained at the natural value for ZnO-water suspension, i.e. 

4.8 unless indicated otherwise. The results clearly show that the decrease 

in the concentration of IC is not due to its adsorption on the catalyst or 
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direct solar degradation of the dye. The maximum equilibrated dark 

adsorption of IC observed under the reaction conditions is less than 5%. 
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Fig. 3.8: Solar photocatalytic degradation of IC 

 

Evaluation of the comparative photocatalytic effect of ZnO and 

TiO2 in presence of sunlight under identical conditions shows that the 

former is much more efficient (~90% compared to ~40% of the latter in 

60 minutes) for the degradation of IC. Hence all further studies were 

carried out using ZnO as the catalyst.  

The comparative degradation of IC in presence of ZnO in presence 

of UV light and sunlight under otherwise identical conditions is shown in 

figure 3.9. The IC itself undergoes moderate degradation in presence of 

UV (~30% in 60min) even in the absence of the catalyst. However, the 
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sunlight induced degradation of the dye is negligible. The photocatalytic 

degradation is more under sunlight than under UV irradiation. This is 

surprising because ZnO is essentially a UV-active photocatalyst, with only 

modest capability to get activated under sunlight. The high solar catalytic 

activity may be due to the sensitization of ZnO induced by IC which is an 

anionic dye capable of absorbing visible light with λmax of ~ 600 nm.   
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Fig. 3.9:  Comparative photocatalytic degradation of IC under 

sunlight (SL) and UV light irradiation 

 

Consequently, electrons from the sunlight-excited dye are injected 

into the conduction band of ZnO more easily than the promotion of an 

electron from the valence band of ZnO to its conduction band under UV 

irradiation. The conduction band electron forms superoxide radical anion 

(O2
-·) by reaction with dissolved/adsorbed O2, resulting in the formation 
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of reactive oxygen species (ROS) such as hydroxyl radicals. These ROS 

are responsible for the oxidation of the organic contaminants including 

the dye itself or other co-existing organics [28]. The general mechanism 

of dye sensitization is shown in figure 3.10. 

Thus it is observed that ZnO mediated photocatalytic degradation of 

IC is more efficient under sunlight compared to UV light. Hence further 

studies are undertaken with sunlight as the source of irradiation. 

 

 

Fig. 3.10: Mechanism of dye sensitization of ZnO under sunlight 

3.3.3 Effect of catalyst dosage 

The effect of catalyst loading on the solar photocatalytic degradation 

of IC is investigated and the results are presented in figure 3.11. The % 

degradation increases steeply with increase in catalyst loading, reaches an 

optimum, decreases slightly thereafter and stabilizes. Higher degradation 

at higher dosages can be attributed to increase in catalyst surface area, 
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increased adsorption of the substrate, efficient light absorption and 

consequent generation of higher number of active species. However 

beyond the optimum, in the same reactor, some of the catalyst particles 

will be effectively in the dark and there is decrease in the light 

penetration. Scattering of light at higher catalyst loading also reduces the 

efficiency of light absorption. Further, it is difficult to maintain the 

suspension homogeneous at high catalyst dosage as the catalyst particles 

have a tendency to settle at the bottom of the reactor. Variation in the 

degree of settling may also influence the uniformity of the reaction system 

and the consistency of the sampling process. At higher loadings, the          

photo-activated particles may interact more frequently with the abundant 

ground state particles and get deactivated as in equation 3.1 [28]. 

 
Fig. 3.11: Effect of ZnO loading on the photocatalytic degradation of IC 
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MO* + MO →   MO# + MO   ...... (3.1)  

where 

MO represents ZnO. MO* and MO# are the activated and 

deactivated forms respectively.  

  
These factors together contribute to stabilization/decrease in the 

efficiency of the catalyst at loadings above the optimum level. The 

optimum dosage of the catalyst under the reaction conditions in the 

current reactor is 0.02g/50 mL. However, the optimum will be different 

for a reactor of different size and geometry as well as other reaction 

parameters. Hence the catalyst dosage has to be optimized every time 

when the reaction and reactor parameters are different. In the current 

instance, all further studies were carried out at the optimized dosage of 

0.02g/50 mL, unless indicated otherwise.  

3.3.4 Effect of pH 

The effect of pH on the photocatalytic behavior of semiconductor 

oxides is often correlated with their oxidation potential and surface charge 

which determine the adsorptive properties. However other factors such as 

characteristics of the substrate and reaction intermediates, presence of pH-

sensitive contaminants etc. also influence the effect of pH.  In the current 

study, the effect of pH on the degradation of IC is investigated and the 

results are given in figure 3.12. Optimum degradation is observed at pH 4 

which decreases thereafter with increase in pH. Hence all further studies 

are made at the natural pH of 4.8 of the suspension. The low degradation 

at pH <3 is due to the corrosion and photo-dissolution of ZnO which are 
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enhanced by reaction with insitu generated valence band holes as in 

reaction 3.2. 

ZnO + 2hVB
+   →   Zn2+ + O-   ...... (3.2) 

 

The lower degradation above pH 4.5 can also be due to the presence 

of Cl- anions (from the HCl used for pH adjustment) which can react  

with hydroxyl radicals leading to inorganic radical anions. These radical 

anions show much lower activity than •OH. There will also be 

competition between the dye and the anion for •OH resulting in decreased 

degradation. 
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Fig. 3.12: Effect of pH on the degradation of IC 
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The effect of pH on the degradation/disappearance of IC is not due 

to adsorption as seen from the results of adsorption studies (dye + ZnO) at 

different pH (figure 3.12). The data in the figure also shows that the effect 

of pH on the dye as such is not much. 

As expected, the adsorption remains fairly steady at ~ 5% in the 

acidic to neutral range of 3-7 (after adjusting for the mild decolorization 

of ~ 2 % in this pH range). IC is a weak acid which dissociates less 

towards acidic pH and will be in neutral electric form φ-SO3H [177]. 

Hence adsorption is moderate in the acidic range with no electrostatic 

repulsion between the surface and the dye. The adsorption is negligible 

under alkaline condition. This may be attributed to the surface 

characteristics of ZnO.  The PZC of ZnO is 9±0.3.  The surface of ZnO will 

be negatively charged above this pH and hence the anionic dye IC (φ-SO3
-) 

will get repelled. The degradation of IC also is less in this range.    

         The ZnO may also form complexes in the basic pH range (reaction 3.3) 

leading to partial insulation of the catalyst surface and consequent 

inactivation.   

ZnO + H2O + 2OH-    →    [Zn(OH)4]
2-   ...... (3.3) 

The moderate degradation observed in the alkaline condition may 

be due to the increase in .OH radicals formed from the hydroxyl ions 

OH-. 

In many instances, adsorption is considered to be an important 

prerequisite for heterogeneous catalytic processes. However, in the 

current case, the adsorption of IC is much smaller compared to the high 
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percentage degradation of the dye. This shows that a sizeable part of the 

photocatalytic degradation of IC is taking place in the bulk. Similar 

observations are reported in the case of photocatalytic degradation of 

other substrates as well [178, 179, 180].   

It is well recognized that the effect of pH on the photocatalytic 

process is complicated and cannot be explained based on individual 

parameters in isolation because it depends on multiple factors such as 

electrostatic interaction between the semiconductor surface, solvent 

molecules, substrates, intermediates and charged radicals formed during 

the reaction process [178].    

3.3.4 Effect of initial concentration of IC 

As can be seen from figure 3.8, the photocatalytic degradation of IC 

slows down with time. This is mainly because the residual concentration 

of IC becomes lower and lower with time and the insitu formed 

intermediates and other products may compete for the same active 

adsorption sites on the surface and for the reactive free radicals at the 

surface and in the bulk. Further, just as in the case of catalyst dosage, 

there will be an optimum for the substrate concentration for effective 

interaction with the ROS and subsequent degradation under specific 

experimental parameters. This is verified by studying the degradation at 

different concentrations of IC at the optimum catalyst dosage and natural 

pH of the reaction system.   

The results plotted in figure 3.13 show the percentage degradation 

of IC at different concentrations. The rate of degradation at different 
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concentrations of IC is shown in figure 3.14. The percentage degradation 

decreases with increase in concentration. However, the initial rate of 

degradation increases with increase in concentration before it eventually 

levels off at higher concentrations (>1.5×10-4M).  This is in line with 

many photocatalytic reactions which follow pseudo first order kinetics at 

lower concentrations of the substrate in accordance with the Langmuir-

Hinshelwood model modified to accommodate reactions occurring at 

solid-liquid interface [177-179]. The rate decreases and slowly stabilizes 

at higher concentration indicating lower order and eventual zero order 

kinetics. 

Once the concentration of IC is adequate to interact with the 

optimum available ROS and other reactive free radicals, further increase 

in concentration cannot result in any increase in the reaction and the 

removal of IC becomes independent of its concentration.  At higher 

substrate concentration, some of the insitu formed reaction intermediates 

may get adsorbed onto the surface or remain in the bulk for relatively 

longer period resulting in less frequent interaction between fresh dye 

molecules and the ROS. Complete domination of the reaction system by 

the reactant/intermediates/products can also result in suppression of the 

generation of surface initiated reactive free radicals. However, at any 

point in time, there will be an optimum for the number of substrate 

molecules that can interact with the reactive free radicals generated by the 

surface. 
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Fig. 3.13: Effect of concentration of IC on its % degradation 

0.0 0.5 1.0 1.5 2.0 2.5
0

5

10

15

20

R
at

e 
x1

0-7
(M

/m
in

)

Concentration of IC x10
-4

M       

[ZnO]: 0.02g

Vol: 50mL

Time: 30min

 
Fig. 3.14: Rate of degradation of IC vs Concentration (of IC) 
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This optimum will depend on a number of parameters such as initial 

concentration of the substrate, intensity of illumination, wavelength of 

light, mass and type of photocatalyst, type and geometry of photoreactor 

etc. Consequently, the measurements and calculations apply only to the 

specific reaction conditions and cannot be generalized. 

According to the Langmuir-Hinshelwood model, modified to 

accommodate reactions occurring at solid-liquid interface [177, 178] the 

simplest way to represent the degradation, assuming that there is no 

competition with reaction by-products, is 

R = -dC/dt = krKC0/ (1+KC0)     ...... (3.4) 

R is the rate of disappearance of the substrate (mg L-1 min-1), C0 (mg L-1) 

is the initial concentration, K is the equilibrium adsorption coefficient and 

kr is the reaction rate constant at maximum surface coverage. Equation 

3.4 can be rewritten as 

1/R   = 1/kr + 1/krK × 1/C0                           ...... (3.5) 

Plot of 1/R against 1/C0 yields a straight line in the concentration 

range 0.25-1.5×10-4M indicating first order kinetics and L-H mechanism 

(figure3.15) 

Further, integration of equation 3.5 yields 

ln (C0/C) + K (C0-C) = krKt  .....  (3.6) 
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When C0 is very small, above equation becomes  

ln (C0/C) = krKt = k’t   ...... (3.7) 

The plot of ln(C0/C) versus irradiation time (t) for the concentration 

range of 0.5-1.5×10-4M yields straight lines (figure 3.16) thereby 

reconfirming pseudo first order kinetics. The slope of each line is              

the apparent rate constant of degradation k’ at the corresponding 

concentration of the substrate. The rate constants thus computed are given 

in table 3.1. 
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Fig. 3.15: Reciprocal plot of initial rate vs initial concentration 
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Table 3.1: Pseudo first order rate constants for the photocatalytic 

degradation of IC over ZnO 
 

Sl. No.  ZnO (g/50mL)  IC (x10-5M) k′ × 10-2(min-1) 

 0.02 2.5 2.00 

 0.02 5.0 1.75 

 0.02 10.0 1.47 

 0.02 15.0 1.27 
 
 

The rate constant decreases with the increase in concentration of IC, 

which is consistent with the results reported in the case of many 

photocatalytic degradation studies [179, 180]. For a fixed amount of 

catalyst and hence finite number of surface-generated ROS available for 

interaction, the number of substrate molecules is excessive at higher 
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concentrations. This reduces the relative % fraction of substrate which 

can successfully interact with the ROS, leading to decrease in the 

apparent rate constant. However, it is to be noted that the above rate 

constant values apply only under the current specific experimental 

conditions and are hence not absolute. 

Decrease in the rate of photocatalytic degradation and hence in the 

order of the reaction at higher concentrations of the substrate has been 

reported earlier [181-183]. Variation in the kinetics of the degradation 

with concentration of the substrate has been reported in the case of ZnO 

mediated sonophotocatalytic reactions also [184, 185].   

The basic mechanism of semiconductor-mediated photocatalysis 

involves the formation of highly reactive oxygen species such as OH, 

HO2, H2O2 etc. which interact with the substrate molecules on the surface 

as well as in the bulk. The most reactive among these ROS is the .OH 

radicals though their lifetime is very short (only few nanoseconds). Hence 

they can react more efficiently with the organic pollutant molecules in the 

immediate proximity of their formation. At higher substrate (IC) 

concentration there will be more number of its molecules per unit volume 

and hence the probability of collision between the oxidizing species and 

IC also will be higher. However at very high concentration, an inner filter 

effect is possible and the incident light will be largely wasted for the 

excitation of the substrate rather than the excitation of the catalyst 

particles and the generation of reactive free radical species [181]. The 

path length of light entering the system also decreases with increase in 

concentration of the substrate. Similar screening effect was reported 
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earlier also [184]. Another reason for the lower rate of degradation at 

higher concentration (which is dependent on the reactor geometry also) is 

that the major portion of the reaction occurs in the reaction zone close to 

the irradiated side where the irradiation intensity is much higher [185]. 

Consequently, a substantial fraction of the substrate (which is on the other 

side) will not get adequately activated to effect the degradation. As a 

result of all or some of these factors, the reaction rate is stabilized or even 

decreases at higher concentration of IC. The stability beyond the optimum 

concentration suggests that the reaction rate becomes independent of the 

concentration of the substrate. Hence it is logical to assume that the 

photocatalytic degradation happens in two stages. In the first stage, the 

reaction is faster and follows pseudo first order kinetics. In the second 

stage, the reaction rate is slow reaching zero order eventually. Duration of 

the first stage decreases with increasing concentration of the substrate.  

As the initial concentration of the substrate is increased, the 

requirement of energy, catalyst surface for adsorption and number of ROS 

for effective interaction also increase correspondingly. But when the 

catalyst and the light source are kept the same, the ROS generated will be 

constant. The stabilization effect at higher concentration beyond the 

optimum implies that the substrate cannot interact with correspondingly 

more ROS. In other words, the relative concentration of ROS for 

interaction with the substrate becomes lower and this leads to 

stable/reduced degradation. Thus it may be confirmed that absorption of 

light by the catalyst, intensity of illumination, wavelength of light, 

number of available catalyst surface sites and relative abundance of 

reactive free radicals vs the substrate are the major factors which may 
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influence the effect of concentration of the pollutant on the degradation.  

Addition of extra amount of catalyst which leads to generation of 

additional reactive radicals at the stage of stabilization enhances the 

degradation. This also supports the contention that relative concentration 

of reactive free radicals with respect to the substrate is an important factor 

that drives the efficiency of the photocatalytic degradation of pollutants. 

3.3.5 Insitu formation and effect of added H2O2 

H2O2 is formed as a by-product/intermediate in many photocatalytic 

reactions. Recent studies on the sono, photo and sonophotocatalytic 

degradation of organic pollutants revealed that the H2O2 formed undergoes 

concurrent decomposition resulting in oscillation in its concentration [186]. 

In the current study also H2O2 formation is observed (figure 3.17).  
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Fig. 3.17: Formation of H2O2 during the degradation of IC 
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Since the precise estimation of H2O2 in the system in presence               

of the colored dye is difficult, the same is not done while the 

degradation/decolorization of the dye is in progress. The concentration of 

H2O2 is determined immediately after the decolorization is complete. At 

this stage, the H2O2 concentration in the system is 20 mg/L. Since IC is 

known to produce a number of relatively stable intermediates which also 

degrade very slowly, the irradiation is continued and the H2O2 is also 

measured periodically. The H2O2 continues to increase for some more 

time and stabilizes after about 4 hr. However, the mineralization is still in 

progress which takes about 6 hr (see Section 3.3.10) to be completed. 

During this period, the concentration of H2O2 does not increase 

corresponding to the mineralization and gets stabilized indicating 

simultaneous formation and decomposition as reported earlier. When the 

rates balance each other, the concentration of H2O2 is stabilized.    

Being a good oxidant of photocatalytic reactions, the insitu formed 

H2O2 (oxidation potential is 1.77 V) can influence the degradation of IC. 

This is verified by externally adding H2O2 at different concentrations to 

the reaction system and evaluating the effect on the degradation of IC. 

The results are shown in figure 3.18. The slow photodegradation in the 

absence of any catalyst is practically unaffected by added H2O2. ZnO 

catalyzed photodegradation is enhanced significantly by H2O2. With 

increase in concentration of H2O2 (>10 mg/L), the degradation increases 

slowly upto 40 mg/L. Thereafter, the degradation is stabilized and 

addition of more H2O2 has no extra effect on the already stabilized 

degradation rate. 
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Fig. 3.18: Effect of H2O2 on the solar photocatalytic degradation of IC 
(Data points for 40 and 50 mg/L are overlapping and hence not distinct) 

 

In the case of ZnO, the adsorption of H2O2 is negligible and hence 

most of the latter will be in solution [186]. H2O2 is known to serve as a 

reservoir of reactive free radicals such as •OH and HO2
•, in addition to 

being a good oxidant by itself. Further, more ROS are formed on 

irradiation of ZnO in presence of O2. They interact with the pollutant IC 

leading to its degradation. The H2O2 decomposes in parallel through 

multiple interactions as in reactions 3.8-3.12 thereby resulting in 

stabilization in its concentration [186-188]. Thus, above a critical 

concentration of H2O2, instead of generating more ROS such as .OH, it 

becomes a major competitor to the substrate to consume the oxidizing 

species in the system (reactions 3.11 and 3.13). This leads to decreased or 

stabilized degradation of IC. 
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H2O2 + eCB
-  → •OH + OH-  .....  (3.8) 

O2
-· + H2O2 → •OH + OH- + O2  .....  (3.9) 

H2O2 + 2 ecb
-   + 2H+ → 2 H2O  ...  (3.10) 

H2O2 + 2 hvb
+ → O2 + 2H+  ...  (3.11) 

H2O2 + hν  →  2•OH  ...  (3.12) 

H2O2 + ·OH    →    HO2·
 + H2O        .... (3.13) 

 

At higher concentration, H2O2 absorbs more light, its decomposition 

is enhanced and more reactive .OH radicals are produced (reaction 3.12). 

These radicals can competitively interact with the H2O2 itself, the 

substrate IC or the reaction intermediates. Scavenging of the radicals by 

H2O2 reduces the efficiency of pollutant degradation.  

HO2 radicals (oxidation potential = ~1.70 eV) are less reactive than 
•OH (oxidation potential = ~2.80 eV) towards the organic pollutants 

[189]. Hence the contribution of H2O2 at its higher concentration (when 

more of the HO2·
 radicals are in the system) towards the degradation of 

the dye is relatively less and eventually the degradation is stabilized.  

3.3.6 Effect of persulphate (PS) 

Persulphate (S2O8
2-) is a more powerful oxidant (E0 = ~2.01 V) than 

even H2O2 (E0 = ~1.77 V). It is a solid at room temperature and offers 

advantages of stability, ease of handling and transportation, high aqueous 

solubility and relatively lower cost. PS has been proven to be a good 

enhancer of UV photocatalytic degradation of many pollutants while the 

enhancement is ‘moderate’ to ‘negligible’ under sunlight irradiation 

[176]. In the current instance of ZnO mediated solar photocatalysis, the 
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enhancement in the degradation of IC by PS is only moderate as seen in 

figure 3.19. The effect of concentration of PS on the degradation is given 

in the inset which also confirms that the enhancement is only moderate. 

At smaller concentration of PS (upto 20 mg/L) the effect is negligible. 

However, as the concentration increases further, the degradation increases 

slowly, reaches an optimum at 30 mg/L and stabilizes thereafter. At the 

respective optimum concentrations of PS (30 mg/L) and H2O2 (40 mg/L) the 

degradation of IC effected is more or less the same (~ 60% in 30 min.).  

Combination of H2O2 and PS at the respective optimum concentrations does 

not produce any extra enhancement in the degradation of IC which remains 

same as in the case of ‘H2O2 only’.    
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[Inset]: Effect of concentration of PS on the degradation 
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The reactions leading to the enhancement in the photocatalytic 

degradation of IC by PS can be generally explained as follows: 

PS generates highly reactive SO4
-· radical anions insitu under 

photocatalytic conditions. These radicals interact with the substrate IC 

and initiate/enhance their degradation. Higher concentration of PS will 

generate more SO4
-· radicals under UV irradiation leading to a series of 

chain reactions as follows (equations 3.14-3.24) [189-191]: 

 

S2O8
2- →  2SO4

-·  .... (3.14) 

S2O8
2-+ RH →  SO4

-· + HSO4
-  +R·  ..... (3.15)  

RH: organic pollutant 

SO4
-· + H2O →  SO4

2- + H+ + ·OH  .... (3.16) 

SO4
-· + RH →  R· + HSO4

-  .... (3.17)   

·OH+ RH →  R· + H2O  .... (3.18) 

R· + ·OH →  Intermediates → products  .... (3.19) 

SO4
-·  + R· →  Chain termination  .... (3.20) 

SO4
-· + ·OH →  Chain termination  .... (3.21) 

2SO4
-· →  S2O8

2-  Chain termination  .... (3.22) 

2·OH →  H2O2 Chain termination  .... (3.23) 

2R· →  RR Chain termination/ Further degradation .... (3.24) 

 Various ROS such as H2O2, HO2·, ·OH etc. and SO4
-· formed 

during the irradiation interact with IC on the surface of the catalyst as well 

as in the bulk, leading to its degradation into various intermediates and 

eventual mineralization. However, the enhancement in the degradation in 

the present case under solar irradiation is not as significant as under UV 
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light irradiation. Visible light activation of PS and the formation of 

reactive species as above are relatively weak under solar radiation 

compared to UV light [176, 179, 180]. The reactive SO4
-· radicals may 

also get deactivated as in reactions 3.20-3.22 thereby making the 

enhancement in the degradation of IC only marginal. The SO4
-· radicals 

can also interact with PS and form less reactive S2O8
-· radicals as follows: 

SO4
-·    + S2O8

2-    →   SO4
2- + S2O8

-·  .... (3.25) 

Consequent to the above reactions combined with the lower rate of 

generation under sunlight, the net concentration of SO4
-· in the system is 

diminished. Hence, the enhancement in the solar photocatalytic 

degradation of IC in presence of PS also is relatively less. 

It has been reported earlier [192] that PS can be even three times 

more effective than H2O2 for the UV-photocatalytic degradation of  

polyethylene plastics (PEP) pollutant. This is attributed to the trapping of 

photoproduced electrons by PS (reaction 3.26) thus inhibiting the 

electron-hole recombination. The resulting reactive sulphate radical 

anions which are even more powerful oxidants can further enhance the 

degradation.  

S2O8
2- + e-    →  SO4

2-   + SO4
-·   .... (3.26) 

The SO4
2- can get adsorbed on the surface and interact with the 

photoproduced holes producing even more SO4
-· radicals. 

h+ + SO4
2-  →SO4

-·   .... (3.27)  
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Since S is a strong oxidizing agent, the SO4
-. (Reduction potential: 

2.6 eV) can accelerate the degradation process by itself as well as by 

producing more .OH radicals (reactions 3.28, 3.29). 

SO4
-·   + H2O   →   SO4

2- + ·OH + H+   .... (3.28) 

SO4
-· + Pollutant → SO4

2- + degradation/mineralization products   .... (3.29) 

 

The absence of any additive or synergic effect on the degradation of 

IC in presence of the combination of PS and H2O2 under ZnO/sunlight 

shows that the formation of SO4
-· and other ROS is weak under visible 

light. Further, the interactions leading to the deactivation of insitu 

generated reactive ·OH and other free radicals may be still active even in 

the combined presence of the oxidants. Hence the enhancing effect of PS 

or PS/H2O2 on the degradation of IC is only moderate or even negligible. 

3.3.7 Temperature effect 

The effect of temperature on the photocatalytic degradation of IC in 

presence of ZnO is tested in the range of 15-50C. The degradation increases 

with increase in temperature upto 30C and stabilizes thereafter (figure 3.20). 

The rate constant kapp is determined at various temperatures and the apparent 

activation energy (Ea) is calculated from the Arrhenius equation 

ln kapp = (-Ea/kT) + ln A   .... (3.30) 

by plotting ln kapp vs (1/T).    

T is the temperature of reaction in Kelvin and A is the Arrhenius 

factor.  
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The Ea as computed is 16.0 kJmol-1. This is the total activation 

energy of both adsorption and photocatalytic degradation [177]. However, 

in the case of ZnO the adsorption of IC is relatively small (<5%) and 

hence the value can be considered as true activation energy. This value is 

close to the Ea value of 14.4 kJmol-1 reported by Barka et al. [177] for the 

photocatalytic degradation of IC on TiO2 coated nonwoven fibres. The 

activation energy for the photocatalytic degradation of acid blue dye on 

Degussa P-25 also is comparable as reported by Bouzaida et al. [193]. 
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Fig. 3.20: Effect of temperature on the degradation of IC 

 

As the temperature increases, adsorption of the dye which is already 

very low, decreases further. At low temperature, the degradation is lower 

in spite of better adsorption because the energy is not enough. At 40C 

when the adsorption is less, the degradation is more. This again confirms 
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that adsorption is important though it is not the sole parameter that 

determines the degradation. Once the catalyst is activated by thermal 

and/or photo energy, the reactive free radicals are generated and the 

reaction can take place in the bulk as well. 

3.3.8 Effect of anions 

Many of the anionic contaminants which are naturally present in 

water inhibit the efficiency of AOPs for the degradation of organic 

pollutants [194, 195]. Instances of anions functioning as enhancers of the 

degradation of pollutants also have been reported [196, 197]. In this context, 

the effect of some of the commonly occurring anions in water, i.e. SO4
2-, Cl-, 

PO4
3-, CO3

2- and HCO3
- on the efficiency of solar photocatalytic degradation 

of IC is tested and the results are presented in figure 3.21.  
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Fig. 3.21: Effect of various salts/anions on the degradation of IC 
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The results showed that the anion sulfate (SO4
2-) has no effect while 

chloride (Cl-), carbonate (CO3
2-) and bicarbonate (HCO3

-) enhance the 

degradation moderately. As expected based on previous results, [179, 

180, 197-199] PO4
3- is a strong inhibitor of the degradation of IC.   

The effect of concentration of the anions on the degradation is also 

tested. In the case of the enhancing anions Cl-, CO3
2- and HCO3

-, the 

degradation of IC increases with increase in their concentration (Fig. 3.21 

A-C). In the case of SO4
2-, the concentration effect is less (Fig. 3.21D).            

In the case of PO4
3-, the inhibition increases with increase in its 

concentration (3.21E).  
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Fig. 3.21.A: Effect of Cl- on the degradation of IC 
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Fig. 3.21.B: Effect of CO3
2- ion on the degradation of IC 
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Fig. 3.21.C: Effect of HCO3

- ion on the degradation of IC 
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Fig. 3.21.D: Effect of SO4

2- ion on the degradation of IC 
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Fig. 3.21.E: Effect of PO4

3- ion on the degradation of IC 
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The inhibiting anions become better inhibitors and the enhancing 

anions become better enhancers with increase in their concentration.               

In all cases, the effect is stabilized eventually resulting in no further 

enhancement or inhibition as the case may be, beyond a critical 

concentration.  However, the concentration of anions in all these cases 

was varied within a narrow range only (0-15 mg/L) and any conclusion 

based on the limited data may not be appropriate. More in-depth 

investigation is needed in view of the complexity and inconsistency               

of the effect of anions on AOPs, as reported in previous studies             

[200, 201].  

The inhibition of the photocatalytic degradation of organics by 

anions/salts is often explained based on blocking of the active surface 

sites on the catalyst by preferential adsorption (of the anions), surface 

layer formation and/or scavenging of reactive ·OH radicals. Since the 

Point of Zero Charge (PZC) of ZnO is ~9±0.3 the surface is positively 

charged when the pH is lower than this value and negatively charged 

when the pH is higher. Hence, at the natural pH of ~ 5 of the system all 

the anions tested here can get strongly adsorbed on ZnO. The adsorption 

of IC on ZnO in presence of the anions is measured experimentally 

(figure 3.22). 
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Fig. 3.22: Adsorption of IC in presence of anions 

 

It is seen that the adsorption is slightly inhibited in presence of 

PO4
3-, CO3

2- and HCO3
- while other anions do not influence the 

adsorption much. The cation was kept the same in all cases, i.e., Na+. Had 

the competitive adsorption of the anions been the main cause of the anion 

effect, all of them should have been inhibitors and the inhibition should 

have been in the order: 

SO4
2-  ~ Cl-  > PO4

3- >  CO3
2- >   HCO3

2-                       .... (3.31) 

This sequence is not followed except in the case of PO4
3- which is 

the only strong inhibitor of the degradation of IC. Other anions are 

enhancers or have ‘no effect’. Hence, the preferential adsorption by the 
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anion is not the major cause of inhibition, though it may be one of the 

many causes. This is even more true in the case of poorly adsorbing 

substrates such as IC on ZnO. The degradation proceeds primarily in the 

bulk of the medium and it is not a surface initiated process.  

Presence of anions can also reduce the diffusion coefficient of the 

organic pollutant in the reaction medium. Consequently, the pollutant 

molecules will be less accessible to the reactive ·OH and this also can 

contribute to the inhibition. Another possible reason for the inhibition by 

anions is the formation of an inorganic layer on the catalyst surface. The 

efficiency of layer formation depends on the solubility of the salts [201]. 

The higher the solubility of the salt the lower will be the layer formation.  

The solubility of the salts (in mg/g of water at 200C) tested here is in the 

order;  

Na2SO4 (40.8) ≥ Na2CO3 (39.7) > NaCl (36.1) > 

Na3PO4 (16.3) > NaHCO3 (11.1)   .... (3.32) 

Correspondingly the layer formation, if any, will be in the order:  

HCO3
- > PO4

3- > Cl- ≥ CO3
2- ≥ SO4

2-  .... (3.33)  

If layer formation is the major cause, the inhibition must be in the 

same order as above. The experimentally observed anion effect in the 

current instance is not fully consistent with equation (3.33) except in the 

case of PO4
3-. The anions Cl-, CO3

2-, HCO3
- and SO4

2- are mild enhancers 

or have ‘no effect’. In many other AOPs, these anions function as 

inhibitors. In the present case, they are mild enhancers and hence it may 

be presumed that their inhibiting efficiency (part of which is attributed to 
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layer formation) is compensated for or even overpowered by other 

factors.  

Many anions are known to scavenge the reactive .OH radicals. The 

scavenging rate constants in the case of some of the anions are 

summarized in Table 3.2 [201].  

 

Table 3.2: Scavenging rate constants of •OH by various anions 

Anion Scavenging Rate constants (mol-1s-1) 

Cl- 4.3 × 109 

CO3
2- 3.9 × 108 

SO4
2- 1 × 1010 

H2PO4
3-  2 × 104  

HCO3
-   8.5 × 106 

 
 

However, scavenging of the reactive .OH radicals by the anions can 

explain only inhibition (of PO4
3- in this case) and not the ‘no effect’ (of 

SO4
2-) or enhancement (by the anions Cl-, CO3

2- and HCO3
-). Hence there 

must be more efficient alternative processes taking place to effect the 

enhancement even after compensating for the potential inhibition caused 

by adsorption of the anions on the surface, surface layer formation and the 

trapping of reactive ·OH radicals.  

Scavenging of the •OH by anions would yield respective radical 

anion species which are also reactive towards organic compounds, 

although less efficiently than •OH [198].  In the case of the anions with 

‘enhancing effect’ or ‘no effect’ in the present case, the radical anions are 

formed as follows: 
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·OH + HCO3
- → H2O + CO3·

-  ..... (3.34) 

·OH + CO3
2- → OH- + CO3·

-  ..... (3.35) 

·OH + Cl- → OH- + Cl·  ..... (3.36) 

Cl· + Cl- → Cl2
-·  ..... (3.37)  

·OH + SO4
2- → OH- + SO4·

-  ..... (3.38) 
 

These radical anions CO3·
-,  Cl2

-·,  etc. undergo slower   recombination 

or deactivation compared to ·OH. Hence they are more readily available for 

longer time than ·OH to react with the substrate and effect degradation. Thus 

their relatively lower reactivity is compensated by their better availability for 

reaction with the substrate. Many of the •OH radicals would undergo 

recombination and get deactivated if they are not reacting with the anions. 

Enhancement in the degradation of the substrate occurs when the reaction 

rate between added anions and •OH, forming radical anion, is higher than 

that between substrate and •OH. However, both the rates would be much 

lower than radical-radical recombination. Even those radical anions which 

are formed at or near the surface of the catalyst can diffuse into the solution 

bulk and react with the substrate. The •OH radical concentration is relatively 

less in the bulk compared to the surface and/or its immediate neighborhood 

and hence their recombination also is slow. Consequently, the •OH will 

interact with the more abundant substrate molecules and anions, both of 

which can lead to enhanced degradation as explained above.  Hence, it may 

even be said that the anions are protecting the •OH radicals from 

unproductive recombination by transforming them into radical anions. 

However, this process is dependent on the concentration of the anions and 

other reaction parameters [198]. Above a particular concentration of the 

anion, the relative concentration of •OH radicals available to interact with 
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them is less. Similarly, once the degradation of the substrate has progressed 

substantially and its concentration in the system is less (towards the later 

stages of reaction), the radical anion X-.  which has only substrate as the sink, 

cannot sustain the enhanced degradation rate. From that point onwards, the 

anion-caused enhancement slows down gradually and eventually the effect is 

stabilized as in the present case or even reversed to inhibition as reported in 

literature [198].   

It is well known that pH of the reaction medium has strong 

influence on the AOP degradation of many water pollutants. Anions, 

especially carbonate and bicarbonate, are expected to increase the pH of 

the medium. Hence the possibility of anion effect arising at least partially 

from the variation in pH is examined.  In the presence of HCO3
- and CO3

2- 

(10 mg/L each), the pH of the reaction medium increases to 6.3 and 7.1 

respectively from 4.8.  The variation in pH in the presence of other anions 

tested here is not significant. Comparison of the degradation of IC at  these 

pH values after 30 minutes of irradiation shows decrease from ~42%          

(pH = 4.8) to ~35% (pH = 6.3) and ~33% (pH = 7.1). Thus, based on sole pH 

variation, the effect of HCO3
- and CO3

2- should have been decrease in 

degradation of IC.  However, in presence of these anions, the   photocatalytic 

degradation of IC is enhanced moderately. Hence it may be inferred that the 

effect of anions, at least under the experimental conditions tested here, is not 

primarily due to any change in the pH of the system. 

The above results clearly show that a universally applicable 

explanation to account for the effect of anions in different kinds of 

photocatalytic systems with different catalysts, substrates and reaction 
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conditions is not possible and it will be more appropriate to consider 

individual systems to explain specific effects in specific cases.  

3.3.9 Effect of oxygen 

All mechanisms proposed for the photocatalytic degradation of 

organics involve the participation of O2 through the formation of reactive 

oxygen species (ROS) such as O2
-·, HO2·, ·OH, H2O2 etc.  In order to 

confirm the effect of O2 on the photocatalytic degradation of IC, the 

reaction system is degassed with N2 and the experiments were carried out 

under otherwise identical conditions. The degradation is almost fully 

inhibited in the degassed system (Fig. 3.23) thereby illustrating that O2 

(and ROS resulting from it) is essential for the photocatalytic degradation 

of IC. The formation of H2O2 also is negligible in the degassed system. 
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Fig. 3.23: Effect of oxygen on the solar photocatalytic degradation of IC 
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Thus it can be seen that the photocatalytic degradation of IC on 

ZnO is almost completely inhibited in the absence of O2. Adsorption of 

the dye on the catalyst is only moderate and hence the main role of the 

catalyst and its activated surface is the generation of ROS from dissolved as 

well as adsorbed O2. These reactive species interact with the substrate as well 

as the insitu formed reaction intermediates mainly in the bulk resulting in 

eventual mineralization. Hence adsorption of the substrate is not important in 

this case. Turchi and Ollis [202] have also demonstrated that adsorption of 

the substrate is not an essential requirement for photocatalytic reactions, even 

though the adsorption characteristics of the components can influence the 

rate of degradation  of the organic compounds on the surface.  

3.3.10 Chemical Oxygen Demand and (COD) effect of intermediates 

The decolorization of dyes need not necessarily lead to 

mineralization and the possibility of formation of even more toxic 

intermediates cannot be ruled out. In order to verify the mineralization of 

IC under the current experimental conditions, the chemical oxygen demand 

(COD) of the optimized reaction system ZnO /IC under sunlight irradiation 

at various intervals is determined. The results presented in figure 3.24 show 

that decolorization does not result in corresponding mineralization. 

However, when the decolorization is complete (in 90 minutes), the COD 

decreases significantly. Thereafter it remains steady for long (over 250 

minutes) even when the irradiation is continued. The stable COD for long 

duration shows that after the initial decolorization and partial 

mineralization of relatively unstable intermediates formed insitu, the more 

stable intermediates take longer time for mineralization. Eventually they 

also get mineralized and the COD becomes almost zero. 
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Fig. 3.24:  Chemical oxygen demand (COD) of the IC/ZnO system 

during solar photocatalytic degradation of IC 
 

3.3.11 Reaction intermediates  

It has been reported that the degradation of IC under AOP yields 

stable intermediates such as acetic acid, tartaric acid, malic acid, oxalic 

acid, anthranilic acid etc. [172, 203, 204]. In the current study, only two 

of these could be detected consistently; oxalic acid and acetic acid, even 

though the possibility of formation of other intermediates cannot be ruled 

out. In any case, the effect of the likely intermediates on the degradation 

of IC is evaluated and the results are shown in figure 3.25. 

The carboxylic acids likely to be present in the reaction system are 

added, one at a time to the system. Intermediates formed during the 

photocatalytic degradation process do affect the degradation of the 
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original compounds. Higher initial concentration of substrate will result in   

higher concentration of intermediates, which will affect the overall rate of 

the reaction.   
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Fig. 3.25: Effect of likely intermediates on the degradation of IC 
                           

The results show that the degradation is inhibited by all intermediates 

at least in the concentration studied here. Maximum inhibition is observed in 

the case of oxalic acid. The inhibition is in the decreasing order: 

Oxalic acid ≥ Tartaric acid > Pyruvic acid > Malic 

acid ≈ Malonic acid > Acrylic acid ≈ Acetic acid  .... (3.39) 
 

The effect of varying concentration of the intermediate carboxylic 

acids on the degradation of IC is investigated in detail and the results are 

shown in figures 3.25 A-E.  
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Oxalic acid (OA) is the strongest inhibitor, with inhibition 

increasing with increase in concentration of OA. However in the case of 

acrylic acid and tartaric acid, clear inhibition is observed only at higher 

concentrations. In the case of acetic acid, malic acid and pyruvic acid, the 

effect varies from mild inhibition to no effect depending on the 

concentration. At lower concentration, the intermediate acids also get 

photodegraded faster without interfering with the degradation of IC. 

However with time, they get accumulated and at higher concentration, 

they will compete with the substrate IC for surface sites as well as the 

reactive free radicals resulting in mild to moderate inhibition.  
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Fig. 3.25.A: Effect of varying concentrations of oxalic acid on the 

photocatalytic degradation of IC 
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Fig. 3.25.B: Effect of varying concentrations of Acetic acid on 
the photocatalytic degradation of IC 
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Fig. 3.25.C:  Effect of varying concentrations of Malic acid on 

the photocatalytic degradation of IC 
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Fig. 3.25. D: Effect of varying concentrations of Tartaric acid on 

the photocatalytic degradation of IC 
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Fig. 3.25. E: Effect of varying concentrations of Acrylic acid on 

the photocatalytic degradation of IC 



Solar Photocatalysis Mediated by ZnO for the Decontamination of Water from Indigo … 

131 

The effect of concentration of the strongest inhibitor among the 

intermediates, i.e., oxalic acid, at different reaction time intervals is 

verified and the results are shown in Table 3.3.    

 

Table 3.3: Effect of oxalic acid at different concentrations on the 
degradation of IC at different reaction times, [IC]: 1×10-4M, 
[ZnO]: 0.02 g 

 

Intermediate 
added  

Concentration 
(mg/L) 

% Degradation of IC after (in min) 
30 60 90 120 

Nil (Reference) 0 42.0 62.5 74.0 89.5 
Oxalic acid 2 37.7 55.0 67.2 84.2 
 4 32.8 49.4 64.2 80.5 
 10 28.2 45.5 61.0 76.0 
 20 24.8 42.7 54.5 67.9 

 
 

The degradation and eventual mineralization of the intermediates is 

further tested with oxalic acid as the test molecule. The degradation of 

oxalic acid is performed in the presence of catalyst ZnO and oxidants 

such as peroxide and persulphate, individually as well as in combination 

of the two. The results are presented in figure 3.26. 

The results show that oxalic acid is degraded in the presence of 

sunlight and the degradation is accelerated in the presence of oxidants and 

catalyst. The combination of the catalyst and the oxidant is the most 

efficient and the efficiency is in the order: 

(S2O8
2-+H2O2+ZnO) > (S2O8

2-+ ZnO) > (H2O2+ZnO) ≥ 

ZnO > (S2O8
2-+H2O2) > S2O8

2- > H2O2             .... (3.40) 
 

The results clearly show that oxalic acid, the most stable among the 

intermediates also get degraded slowly but steadily and can be completely 

mineralized in presence of catalyst and oxidant (ZnO + PS). Hence ZnO 
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mediated oxidant assisted degradation of IC is a viable method for its 

complete mineralization in water.  

 
Fig. 3.26: Solar photocatalytic degradation of oxalic acid under 

different conditions 
 

Major transient intermediates present in the system immediately 

after decolorization as identified by LC/MS are listed in Table 3.4. 

However, eventually they also get degraded and mineralized as seen from 

the ‘Nil’ COD value and the mass chromatogram (Fig. 3.27).  

3.3.12 General Mechanism of the photocatalytic degradation   

The basic mechanism of semiconductor oxide photocatalysis 

consists of initial light absorption by the catalyst which promotes the 

electron from the valence band to the conduction band resulting in the 

creation of hole in the valence band (reaction 3.41). 

Semiconductor (ZnO) + hν → h+ + e-  .... (3.41) 
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Table 3.4: Major transient intermediates formed during the mineralization of IC 

Sl No.  m/z  Molecular formula Proposed structure 
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Fig. 3.27: Mass chromatogram of the reaction mixture [A] initially 

and [B] after 6 hr irradiation 

  

Both the electron and hole must be consumed so that the material 

can act as an efficient catalyst. It is generally believed that both the 

electrons and holes can find low energy trap sites on a sub-picosecond 

time scale in the semiconductor [205]. These electrons and holes can 

either recombine and dissipate the input energy as heat (reaction 3.42) or 

react with electron donors and electron acceptors which are adsorbed on 

the semiconductor surface or trapped within the surrounding electrical 

double layer of the charged particles to produce strong oxidizing hydroxyl 

radicals. These radicals can promote the oxidation of organic compounds 

[206]. Dissolved oxygen and surface oxygen play important role by 

scavenging the electrons generated on photoactivated ZnO and forming 
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superoxide radical anion and other reactive species. Various reaction steps 

involved in the process can be presented as follows: 

h+  +  e- →    Heat  ...  (3.42)  

O2 + e- →   O2
-·  .... (3.43) 

O2
-· + 2 H+ + e-       →   H2O2  .... (3.44) 

h+
VB + H2O              →   H+ + ·OH                                   .... (3.45) 

O2
-·+     H+                    →   HO2·

  .... (3.46) 

2 HO2·
                             →   H2O2+ O2   .... (3.47) 

HO2·
  + O2

-·  + H2O  →   H2O2+ O2 + ·OH                     .... (3.48) 

H2O2 + e-                       →   ·OH + OH-                                        ...  (3.49) 

·OH + ·OH               →   H2O2  .... (3.50) 

h+
VB + OH-  →   ·OH   .... (3.51) 

 

The ROS formed as above interact with the organic molecules (IC 

in this case), resulting in the formation of various intermediates and 

eventual mineralization. 

·OH + RH   →   H2O + R·  .... (3.52) 
  

RH is the dye or the intermediates formed insitu 

R· + O2   →   ROO·   → ….→  mineralized products  .... (3.53) 

The general mechanism of semiconductor photocatalysis can be 

schematically presented as in figure 3.28 
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 Fig. 3.28: Schematic presentation of the general mechanism of 

semiconductor photocatalysis 
 

Surface sensitization of a wide band gap semiconductor photocatalyst 

such as ZnO by physisorbed or chemisorbed dyes can expand the 

wavelength range of excitation for the photocatalyst and/or increase the 

efficiency of the excitation process. The first step is the excitation of the 

sensitizer followed by charge transfer to the semiconductor. The excited 

state can inject either a hole, or more commonly, an electron to the particle. 

When a monolayer of a dye is dispersed on the photocatalyst with high 

surface area, the charge injection will be more efficient. Extension of  

the photoactive wavelength range of the catalyst to the visible range              

is important for the harnessing of sunlight. Photosensitization of 

semiconductors by various dyes has been monitored by nanosecond and 

picosecond flash photolysis as well as femtosecond spectroscopy. The 

rates of injection of electron as well as the back electron-transfer from the 

dye to the photocatalyst depend upon the nature of the dye molecules, 

properties of the catalyst particles and the interactions between the dye 

and particles [207]. 
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3.4 Conclusion 

Solar photocatalysis using ZnO as the catalyst is found to be an 

efficient method for the removal of trace amounts of Indigo Carmine dye 

pollutant from water. The degradation follows pseudo first order kinetics 

at lower concentrations of the substrate. H2O2 formed insitu in the process 

undergoes concurrent decomposition resulting in stabilization in its 

concentration. Oxidants H2O2 and persulphate enhance the degradation 

moderately. The salt/anion contaminants present in water influence the 

degradation differently with the effect varying from inhibition to ‘no 

effect’ or even enhancement depending on the nature of the anion and the 

multitude of interactions involving the substrate, reaction intermediates 

and the catalyst. The degradation proceeds through many transient 

intermediates which degrade further on continued irradiation to give 

organic acids such as oxalic acid and acetic acid. They inhibit the 

degradation of IC though eventually they also get mineralized. The 

inhibition is attributed to the competition between the substrate and the 

insitu formed intermediates for surface sites as well as reactive oxygen 

species. The degradation is practically negligible in nitrogen flushed 

systems thereby confirming the role of O2 (and the reactive oxygen 

species formed insitu) in the degradation. The results are discussed in 

detail and suitable mechanisms for the observed effects are proposed.   

 

…..….. 
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4.1  Introduction 

Manufacture and use of synthetic dyes, especially in textiles, is a 

massive industry today. Around 30% of the dyes used in the textile 

industry does not get fixed on the target and are discharged in the 

respective factory effluent. Dyes are highly visible and even minor release 

into the water bodies may be unacceptable aesthetically as well as 

environmentally. Dyes can also obstruct light penetration into the water 

bodies, thus inhibiting the biological processes based on photosynthesis. 

Many of these dyes are also toxic, carcinogenic, mutagenic or teratogenic 

to various microbiological or animal species. Due to low biodegradability 

of dyes, the conventional treatment process is not very efficient for their 

removal from wastewater. Such techniques simply transfer the pollutants 

from one medium to another (water to water, water to soil and water to 

air) causing secondary pollution. In this context, advanced oxidation 
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processes (AOP) are gaining importance as tertiary treatment techniques 

for the removal of even small concentration of chemical pollutants [12, 

208-210]. 

In recent years, electrochemical techniques have been gaining 

acceptance as powerful tools for wastewater remediation [63, 211, 212]. 

The advantage of this technology is its environmental compatibility 

because the main reactant is the electron which is not a pollutant [63]. 

Other advantages are related to its versatility, high energy efficiency, 

availability of automation, safety and mild reaction conditions. It can also 

be operated in combination with other techniques, i.e. sonoelectrochemical 

[213], photoelectrochemical [214] processes etc.    

Among the electrochemical methods, anodic oxidation is perhaps 

the most popular one for the treatment of wastewaters containing 

persistent organic pollutants (POPs). The pollutants are removed using 

high oxygen evolution potential anode which generates highly reactive 

hydroxyl radicals (•OH) insitu [215,216].These radicals instantly interact 

with the pollutant leading to the degradation and eventual mineralization. 

The reaction involved in the formation of •OH is:  

M + H2O    →     M (•OH) + H+ + e_     ...........  (4.1),     M: Electrode 

In presence of chloride, AOP oxidation of organic compounds 

proceeds through chlorinated intermediates. The organochlorine 

compounds (RCl) formed during the degradation of the pollutant have 

different genotoxic, carcinogenic and/or mutagenic effects depending on 

the chemical structure. Hence it is important that the chemistry of the 
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pollutant and its possible interactions in chloride medium are verified 

before the electrolytic method is proposed for wastewater treatment.  

Graphite, platinum, dimensional stable electrode (DSA), stainless 

steel (SS) and air diffusion electrode (ADE) are frequently used as 

cathodic materials. When graphite or ADE is used as cathode, it is often 

fed with air or pure oxygen to generate H2O2 through the electrochemical 

reduction of O2. This process which can be considered as anodic 

oxidation [217-222] is normally termed as AO-H2O2. Use of Na2SO4 as 

the supporting electrolyte is usually preferred because it is; (i) relatively 

cheap, (ii) could be oxidized into S2O8
2− which also participates in the 

degradation of organics and (iii) does not produce hazardous compounds 

during the process in most cases. Further, the presence of Na2SO4 is also 

reported to promote degradation of organics in many AOPs. [202]. 

In the study reported in this Chapter electrolytic oxidation is 

investigated as a potential method for the removal of small quantities of 

chemical pollutants from water with special reference to the characteristics of 

the electrodes and electrolytes. Indigo Carmine (IC) which is used as the test 

pollutant in the earlier Chapter is used in this case as well.  

4.2 Materials & Methods 

4.2.1 Materials 

The Indigo Carmine dye used in the study was the same as in 

Chapter 3, i.e., AnalaR grade (99%) from Sigma-Aldrich (India). 

Synthetic wastewater containing IC of desired concentrations was 

prepared by dissolving the dye in double distilled water. Other materials 



Chapter 4 

142 

such as zinc oxide (99.9%), H2O2, persulphate, various salts etc. are the 

same as described in Chapter 3. All other materials/chemicals used were 

of AnalaR grade or equivalent, unless indicated otherwise.  

4.2.2 Electrodes used 

The following electrodes used in the study were purchased from 

Titanium Tantalum Products limited Chennai, India: 

 Ti Cathode – 50 × 25 ×1 (mm)  

 Nb Cathode - 50 × 25 × 1 (mm) 

 MMO/Ti-50×25×1(mm), MMO coating of 6µ thickness,  

MMO: Mixed metal oxide 

 Pt/Ti-50 × 25 × 1 (mm), Pt plating of 3µ thickness 

 Pt/Nb-50 × 25×1 (mm), Nb plating of 3µ thickness 

 Further, the following electrodes were from in-house: 

 Graphite rod (made by separating the electrode from a used dry 

cell) 

 Bismuth oxide doped titanium dioxide, coated on titanium 

plate (BiO2/TiO2/Ti) which was used as the anode and 

Stainless steel plate (SS) which was used as the cathode are 

gifted by the Inter University Instrumentation Centre, Mahatma 

Gandhi University, Kottayam, India. 
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4.2.3 Electrolysis Experiments 

The experimental setup is shown in figure 4.1. Two single 

compartment electrolytic cells are used in parallel. The anode and the 

cathode were immersed vertically in an aqueous solution of the target IC 

pollutant mixed with 0.05M NaCl or Na2SO4 as the case may be. The 

height of the electrodes dipped in the solution is 3.5 cm with an inter-

electrode distance of 4.0 cm, unless indicated otherwise. A constant cell 

current (3.4V) was applied to the electrodes with a DC power supply.  

 

 

Fig. 4.1:  Electrolytic experimental set up 
1,2: Electrolytic cells, 3: Power supply unit,  
4: Anode (red) and Cathode (black) 

 

The samples were drawn periodically during the electrolytic 

process, filtered if needed and are analyzed for IC remaining in the 

system using UV/Vis spectrophotometry at a wavelength of 609 nm. The 

reaction intermediates were identified by using LC-MS (Q-TOF) 
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instrument (Waters Xevo G2 Q-TOF). Open reflux method is used to 

determine the COD of the samples [132].  

4.3  Results and Discussion 

Preliminary studies were made on the electrolytic oxidation of IC in 

water using different anode/cathode/electrolyte system. These include 

BiO2/TiO2/Ti, MMO/Ti, Pt/Ti or Pt/Nb as anode and SS, graphite, Ti or 

Nb as cathode. NaCl or Na2SO4 was used as the electrolyte.  The anodes, 

cathodes and electrolytes were used in different permutations and 

combinations. Most of the systems, except those listed in Table 4.1 were 

not efficient for the decolorization/degradation of IC and were hence not 

investigated further. 

 

Table 4.1:  Preliminary results on potential electrolytic systems for the 
degradation of IC      [IC]: 1x10-4M, [Electrolyte]: 5x10-2M 

Anode  Cathode  Electrolyte Preliminary electrolysis data 

BiO2/TiO2/Ti SS NaCl Decolorization in 10min 

BiO2/TiO2/Ti Graphite NaCl Decolorizationin 10 min 

BiO2/TiO2/Ti Graphite Na2SO4 Decolorizationin 90 min 

MMO/Ti Graphite Na2SO4 Decolorizationin 120 min 

Pt/Ti Graphite NaCl Decolorizationin 10 min 

Pt/Ti Graphite Na2SO4 Decolorizationin 90 min 

 

Based on the above data, the electrode-electrolyte system i.e., 

BiO2/TiO2/Ti/SS/NaCl, BiO2/TiO2/Ti/graphite/NaCl and BiO2-TiO2/Ti/ 

Graphite/Na2SO4 were selected for further investigation on the 

electrochemical degradation of IC. The efficiency of the system is 

determined from the time taken for the decolorization and total 
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mineralization of the dye. The system with Pt/Ti anode, though efficient, 

is not investigated further, since it is relatively more expensive. 

4.3.1 Electrolytic degradation of Indigo Carmine using BiO2/TiO2/Ti 
anode and stainless steel (SS) cathode with NaCl as supporting 
electrolyte (BiO2/TiO2/Ti/SS/NaCl) 

The degradation/decolorization of IC is tested using 50mL of 1×10-4M 

solution of the dye. The supporting electrolyte (NaCl) concentration was 

0.05 M. Potential applied was 3.4V. The length of the electrode dipped in 

the solution was 3.5cm. Complete decolorization is obtained in 10 

minutes as confirmed by UV/Vis spectrophotometry. Figure 4.2 shows 

the complete disappearance of the absorbance at 609 nm (which 

corresponds to IC) after 10 minutes of electrolysis. 

 
Fig. 4.2:  UV/Vis spectrum of IC: before and after decolorization 
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The effect of various reaction parameters on the efficiency of the 

system is evaluated as follows: 

4.3.1.1 Effect of pH on the degradation of IC 

The effect of variation of initial pH on the time taken for 

decolorization of IC during electrolytic oxidation is shown in figure 4.3.  

The decolorization is faster in extreme acidic medium (pH~2-3), probably 

because at low pH, the chlorine resulting from the Cl- ions present in the 

solution forms hypochlorous acid, which has higher oxidation potential 

(1.63V) than hypochlorite (0.89V) [223]. Under comparable pH conditions 

and reaction times, the decolorization is very small and even negligible in 

the absence of electrolysis, as shown in the inset of the figure. 

 
Fig. 4.3:  Effect of pH on the electrochemical degradation of IC 

[BiO2/TiO2/Ti/SS/NaCl] 
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The reactions leading to the formation of HClO are; 

Anode: 2Cl-  →     Cl2+2e-                           ...... (4.2) 

Cathode: 2H2O+2e- → H2+2OH-                                    ...... (4.3) 

In the bulk solution, Cl2 hydrolysis takes place as follows:- 

Cl2+H2O     → HClO+H++Cl-                                   ...... (4.4) 

Under alkaline medium, deprotonation of the HClO as well as the 

interaction with the OH- ions provides hypochlorite (ClO-) as follows: 

HClO ↔      H++ClO-                                 ...... (4.5) 

HClO + -OH             → ClO- + H2O     ...... (4.6) 

At the anode O2 evolution competes with Cl2 evolution according to 

the equation, 

H2O → 2H++½O2+2e-                  ...... (4.7) 

Acidity increases the efficiency of Cl2 discharge and the rate of dye 

oxidation. The type and concentration of the active chlorine species 

present in solution is dependent on its pH [224]. The predominant species 

at various pH are: Cl2 (pH<3), HClO (pH: 3-7.5) and ClO– (pH>7.5). If 

the Cl– concentration in solution is decreased, the pH interval for the 

predominance of the HClO species will extend further towards lower pH. 

For e.g., at very low [Cl–] of 0.005 mol L–1 at 25°C, the predominance of 

HClO occurs approximately at pH 1-7.5. However, extreme acidic pH 

may not be advisable for large scale applications and hence the natural pH 

of the system (~7.4) at which the degradation rate is still good is chosen 

for further studies. Moreover faster decolorization reactions do not 
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guarantee the mineralization of the dye or reduction in toxicity, which is 

the yardstick for measuring the efficiency of the purification process. 

4.3.1.2 Effect of Initial Concentration of IC  

The influence of the initial concentration of IC on its decolorization 

was studied in the range of 2-60 mg/L. The time for decolorization 

increases with increase in concentration (figure 4.4). The rate of 

decolorization increases with increase in the concentration and is eventually 

stabilized or decreases thereafter (inset of figure 4.4). This is consistent 

with the variable kinetics with concentration, reported for many AOP 

degradation of organics [187, 225]. 

 
Fig. 4.4: Effect of concentration of IC on its electrolytic degradation 
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With increase in concentration of the dye, there will be more number of 

interactions with the reactive free radicals and hence increase in the 

degradation. However at a particular concentration of the dye, the 

optimum number of molecules which can effectively utilize the reactive 

oxygen species (ROS) is reached and the rate becomes constant. Above 

this optimum, increase in concentration will not lead to increased 

interaction. It is also possible that more and more intermediates are 

formed in the system especially at higher concentrations of IC and they 

will be competing with the substrate for the ROS. This will result in 

gradual decrease in rate of degradation of the parent compound. Also at 

higher concentration, the dye molecules tend to associate into larger 

molecules. This lowers the rate of diffusion of the dye to the anode 

surface with consequent decrease in the removal rate [226]. 

4.3.1.3 Effect of electrolyte (NaCl) concentration   

Figure 4.5 shows the effect of NaCl electrolyte concentration on the 

rate of dye removal. Increased chloride concentration increases the rate of 

removal of the dye thereby reducing the time needed for decolorization. 

This enhancement can be attributed to the increased efficiency of Cl2 

discharge with increase in the concentration of NaCl. At the anode, O2 

evolution competes with Cl2 evolution as in equation 4.7. As the 

concentration of NaCl increases, the discharge potential of Cl2 will be less 

than that of O2. Consequently the formation of the oxidant will be more 

and the decolorization of IC will be faster [227]. However, beyond an 

optimum concentration of NaCl, the potential applied being constant, the 

evolution of Cl2 and O2 as well as the formation of reactive species will 
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be stabilized and the decolorization also levels off. At this stage, the 

decolorization can be enhanced probably by increasing the applied 

potential which is verified in the subsequent sections. 

 
Fig. 4.5: Effect of electrolyte (NaCl) concentration on the 

decolorization of IC [BiO2/TiO2/Ti/SS/NaCl] 
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of IC. This also implies that with increase in the area of the electrodes 

immersed in the electrolyte, the generation of reactive species will also be 

increasing leading to increasing interaction with the dye and decrease in 

the time taken for decolorization. This is illustrated in the following 

section.  

 
 Fig. 4.6: Effect of applied potential on the electrolytic degradation 

of IC [BiO2/TiO2/Ti/SS /NaCl] 
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the exposed area of the electrode more number of reactive Cl2 and HOCl 

ions are generated in the solution leading to faster decolorization of IC. 

 
Fig. 4.7:  Effect of electrode length immersed in the electrolyte on the 

electrolytic degradation of IC [BiO2/TiO2/Ti/SS/NaCl] 
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Fig. 4.8: Effect of inter electrode distance on the electrolytic 

degradation of IC [BiO2/TiO2/Ti/SS/NaCl] 
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and ‘two electrode’ systems. ‘Two electrode’ system was the same as 

discussed earlier, i.e., (BiO2/TiO2/Ti/SS/NaCl). In three electrode system, 

additionally a graphite electrode is also used. In two electrode system, the 

decolorization occurred in 10 minutes, while in the three electrode system, 

the degradation occurred much faster in 2 minutes. This suggested the 

potential of enhancing the efficiency of electrolytic oxidation by increasing 

the number of electrodes. However in the present study, two electrode 

system with moderate rate of decolorization was preferred for evaluating the 

effects of various parameters on the efficiency of the process, since the ‘three 

electrode’ system with faster decolorization was not amenable to precise 

measurements with consistently reproducible data. However this indicated 

the viability of using multiple electrode system for the efficient purification 

of water contaminated with multiple recalcitrant pollutants.   

4.3.1.8 Effect of anions/salts   

The wastewater from the dyeing process in textile industry will 

contain considerable amount of salts/anions naturally as well as from the 

chemicals used in various stages. They may also affect the efficiency of 

the electrolytic degradation of the dye in water. Hence, the effect of few 

individually added salts on the electrochemical degradation of IC is 

evaluated under the conditions standardized earlier. The results are plotted 

in figure 4.9. Sulfate, phosphate, carbonate, bicarbonate and nitrate anions 

are found to enhance the degradation. The enhancement is in the order: 

CO3
2- > HCO3

- ≈ PO4
3- > NO3

- ≈ SO4
2-               ...... (4.8) 

The enhancement of AOP degradation of organic pollutants in 

water by anions is explained based on the efficient and sustained 
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formation of respective radical anions which do not get deactivated by 

recombination as in the case of .OH radicals [216, 228-230]. 

 
Fig. 4.9:  Effect of anions on the electrolytic degradation of IC 

[BiO2/TiO2/Ti/SS/NaCl] 
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These radicals can combine forming stable peroxide salt oxidants as 

follows:  

SO4
-• +SO4

-• → S2O8
2-                    .... (4.13) 

PO4
2-• + PO4

2-•  → P2O8
4-                   .... (4.14) 

CO3
-• + CO3

•  → C2O6
2-              .... (4.15) 

NO3
• + NO3

•  → N2O6                  .... (4.16) 

The oxidants can also interact with the .OH radicals present in the 

system forming other radicals and anions as follows: 

SO4
-• +•OH → HSO5

-                      .... (4.17) 

PO4
2-• + •OH  → HPO5

2-                .... (4.18) 

CO3
-• + •OH  →   HCO4

-                 .... (4.19) 

Cl- + •OH  →   Cl• + OH-    .... (4.20) 

Cl• +Cl- →   Cl2
-•  .... (4.21) 

Thus many new types of oxidants/radicals are formed which can 

influence the degradation of IC. 

The .OH is also formed from water electrolytically as: 

H2O   → .OH + H+ +e-   .... (4.22) 

However, photoluminescence study [231-233] does not reveal 

consistent increase in the concentration of •OH, probably due to the 

recombination/interaction of .OH to generate H2O2 or HO2
.
, 

•OH+ •OH  →   H2O2                             .... (4.23) 
•OH+  H2O2     →   HO2

.+  H2O                   .... (4.24) 
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It is also possible that the effect of anions may be due to the change 

in the pH of the solution in their presence. Hence the pH of the reaction 

medium in presence of the anions is measured.  It is observed that the pH 

remains practically unaffected by the anions except in the presence of 

PO4
3-, CO3

2- and HCO3
- where the pH varies in the range 5.5-8.5. The pH 

effect on the decolorization of IC in this range is the same as at the natural 

pH of IC solution in the absence of anions (7.4) (see inset of figure 4.3). 

Hence change in pH is not the cause of the anion effect at least at the 

concentration studied here. 

4.3.1.9 Chemical Oxygen Demand/Mineralization 

The efficiency of any AOP as a decontamination tool depends on its 

ability to mineralize the pollutants to harmless products such as CO2, 

H2O, and salts, which is verified by the elimination of chemical oxygen 

demand (COD). In the current study also, the COD of the electrochemical 

system BiO2/TiO2/Ti/SS/NaCl is measured immediately after decolorization 

(10 min.) and after extended time (300 min.) of electrolysis. The COD 

remains unchanged even after 300 min. (see Section 4.3.2, Fig. 4.10).  

This suggests that electrolysis of the system leads to degradation/ 

decolorization of IC to stable colorless compounds which cannot be 

degraded further. In this context, the reaction intermediates in the system 

after decolorization are analyzed by LC-MS. The identified intermediates 

are listed in table 4.2. Some of the intermediates are chloro compounds 

which are relatively more stable and mineralize only slowly. The faster 

decolorization can be attributed to the transformation of IC into various 

chloro-compounds. However, same chloro compounds make mineralization 

slower. The source of chlorine is the electrolyte NaCl.    
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Table 4.2: Major intermediates formed during electrochemical degradation 
of IC under BiO2-TiO2/Stainless steel/NaCl 

 

Mol.weight Molecular formula Molecular structure 

 

163 

 

C8H5NO3 

 

 

371 

 

C16H7N2O7S 

 

 

454 

 

C16H10N2S2O10 

 

 

198 

 

C7H4NSO4 
 

 

226 

 

C8H4NSO5 

 

 

454 

 

C16H10N2S2O10 

 

 

523 

 

C16H8Cl2N2S2O10 

 

 

472 

 

C16H9N2ClS2O9 
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Thus it is clear that the electrolysis system BiO2/TiO2/Ti/SS/NaCl, 

which is highly efficient for the decolorization of IC, is not appropriate 

for its mineralization and hence for the purification of water.  

The data in Table 4.1 shows that replacement of SS by graphite as 

the cathode gives same efficiency for decolorization of IC. Hence, 

BiO2/TiO2/Ti/graphite/NaCl system is tested for mineralization efficiency. In 

this case also, the COD remains unchanged even after 300 min. of 

electrolysis thereby indicating that the system with NaCl as the electrolyte 

is not suitable for the mineralization of IC. In this context, another 

electrolyte Na2SO4 is used in place of NaCl and the experiments are 

repeated using the electrode system BiO2/TiO2/Ti and SS. The color of 

the dye remains unchanged even after 480 min. of electrolysis indicating that 

this system is not suitable for the degradation/decolorization of IC. When 

the cathode SS is replaced by graphite rod (BiO2/TiO2/Ti/graphite/Na2SO4) 

the decolorization does take place and is complete in 90 minutes. More 

electrolytes other than NaCl, i.e. Na2CO3, NaHCO3, and Na3PO4 were 

also tested with the same electrode combination (BiO2/TiO2/Ti/ graphite). 

Of these, Na2CO3 has almost same efficiency for decolorization (90 min.) 

as Na2SO4
 while the other two electrolytes do not favor decolorization. 

Based on these observations, Na2SO4 is chosen as the convenient and 

safer electrolyte with BiO2/TiO2/Ti/graphite electrode system for further 

studies.  
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4.3.2 Studies with Na2SO4 as electrolyte 

The efficiency of electrolytic decolorization of IC in the 

BiO2/TiO2/Ti/graphite/Na2SO4 system is not affected by varying the 

concentration of SO4
2- in the range of 0.25 to 0.60g/L, as is observed 

experimentally. In this case also, the degradation is more in the acidic 

pH with maximum in the range 2-4. Similarly, the decolorization is 

enhanced with increase in the area of the electrode exposed to the 

electrolyte and with decrease in the inter-electrode distance. Thus the 

optimized parameters for the decolorization of IC in the 

BiO2/TiO2/Ti/graphite/Na2SO4 system are: [Na2SO4] = 0.05M, pH = 2-4, 

area of the graphite electrode dipped in the electrolyte: 7.2 cm2, inter 

electrode distance: 1.0 cm. 

Various intermediates formed during the electrolysis in this case as 

analyzed by LC-MS are listed in Table 4.3. 

There are no chloro-compounds and hence the mineralization is 

expected to be faster. The COD measurements show ~77% decrease in           

5 hr. and complete mineralization in 10 hour of electrolysis. In the case of 

NaCl electrolyte under identical conditions, the COD decreases by ~23% 

only in 10 hr. (figure 4.10). 
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Table 4.3:  Intermediates formed during electrochemical degradation of 
IC in Na2SO4 electrolyte  

 

Mol. weight Molecular formula Molecular structure 

90 C2H2O4 

 

172 
 

C6H6SO3N  

202 

 
C6O5H4SN 

 

 

153 

 

 

C7H7O3N 
 

 

428 

 

 

C15H12N2S2O9 

 

 

420 

 

 

C16H8N2S2O8 

 

 

422 

 

C16H10N2S2O8 

  

 

188 

 

C6H6SNO4 

 

116 C4H4O4 
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Fig. 4.10:  Comparison of NaCl and Na2SO4 as electrolytes for 

the mineralization of IC 
[IC] = 1×10-4M, [Electrolyte] = 5×10-2M,                           
Anode: BiO2/TiO2/Ti, Cathode: Graphite 

 
 

 

The possibility of exploiting the superior decolorization efficiency 

of NaCl and mineralization efficiency of Na2SO4 by using their 

combination (1:1) as electrolyte is examined experimentally.  The COD 

values at two different time periods of electrolysis, i.e. 5 and 10 hr. are 

determined and compared with those in electrolytic systems with 

different electrolyte-electrode combinations. The results are presented in 

Table 4.4. 
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Table 4.4: Mineralization efficiency of various systems in Cl- and SO4
2- 

electrolytes 
[IC] = 1×10-4M, [NaCl] = 0.05M. [Na2SO4] = 0.05M, Anode: BiO2/TiO2/Ti 
 

Cathode Electrolyte Initial COD  
before 
electrolysis 
(mg/L) 

COD after 5 hr.  
electrolysis 
(mg/L) 

COD after 10 hr. 
electrolysis  
(mg/L) 

SS NaCl 48.7 48.3 37.1 

Graphite NaCl 48.7 48.0 37.3 

Graphite Na2SO4 48.7 11.5 0.5 ( ~ 0) 

Graphite NaCl/Na2SO4  (1:1) 48.7 32.5 11.8 

 

The mineralization efficiency in Na2SO4 electrolyte (cathode: 

graphite) is reduced in the presence of Cl- and the efficiency of the 

combination is in between that in presence of Na2SO4 and NaCl as 

electrolyte individually (~23% COD decrease in the case of NaCl, ~ 

100% COD removal in the case of Na2SO4 and ~76% COD decrease in 

the case of NaCl+Na2SO4 combination in 10 hr. electrolysis). The 

degradation of IC and its mineralization are facilitated by insitu formed 

(during the electrolysis in Na2SO4 electrolyte) SO4
-• radical anions which 

are very strong oxidants (oxidation potential: 2.5-3.1V) and can facilitate 

the breakdown of organics by attacking the C-C bond [234]. Unlike in the 

case of Cl•, the SO4
-• does not give rise to any recalcitrant ‘difficult to 

mineralize’ intermediates such as chloro-compounds and this is favorable 

for the mineralization.  

The study clearly shows that BiO2/TiO2/Ti /graphite/Na2SO4 is a 

promising electrochemical system for the decontamination of water from 

IC pollutant. 
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4.4  Conclusion 

Electrochemical Advanced Oxidation Processes (EAOP) with 

suitably designed and optimized electrode/electrolyte systems is 

successfully used for the decontamination of water from the dye pollutant 

Indigo Carmine. The method is based on the electrochemical generation 

of highly reactive .OH and other radicals in solution which interact with 

the pollutants and oxidize them irreversibly. Of the different 

combinations of electrodes and electrolytes tested, the most efficient 

system consists of BiO2/TiO2/Ti anode, Graphite cathode and Na2SO4 

electrolyte. NaCl as the electrolyte makes the system extremely efficient 

for the decolorization of the dye, due to the faster formation of various Cl 

based oxidants. However, these oxidants transform the pollutants into 

more recalcitrant chloro-compounds thereby making the mineralization 

difficult and slower. Various intermediates formed during the process are 

identified by LC-MS. The effect of various reaction parameters on the 

efficiency of the decolorization/mineralization process is evaluated 

experimentally and relevant parameters are optimized.  

 

…..….. 
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5.1 Introduction 

As already discussed in previous Chapters, Advanced Oxidation 

Processes (AOPs) have high potential for the decontamination of water 

from chemical and bacterial pollutants. This methodology is based on the 

insitu production of highly oxidizing hydroxyl radicals (·OH), which can 

react nonselectively with most of the organic compounds. The commonly 

used AOPs include photolysis/photocatalysis, UV/H2O2, Fenton treatment, 

photoFenton, sonolysis, sonocatalysis etc. [235-240]. Among these, 

sonolysis is one of the most versatile techniques which is widely investigated 

for wastewater treatment due to the advantages of safety, cleanliness and 

energy efficiency. Several reports are available on the sonolytic degradation 

of chlorinated organic compounds, phenolic compounds, organic dyes, 

pesticides, endocrine disrupting compounds, perfluorinated chemicals, 

pharmaceuticals and microcystins [241-243]. 



Chapter 5 

166 

Three types of reactions involved in sonolysis are pyrolysis, 

reaction of •OH and •H and supercritical water oxidation [244-246]. 

Ultrasound can produce ·OH and H· by acoustic cavitation (reaction 5.1). 

Generally hydrophobic and volatile compounds undergo degradation via 

pyrolysis in the interface region. Supercritical water oxidation process 

provides an additional route for the degradation. The radical generation in 

sonolysis is shown in reactions (5.1) - (5.5) [247-249]. 

H2O +   ))) → •H + •OH   ...... (5.1) 

•H + O2  → HO•
2    → •OH + ½ O2   ..... (5.2) 

2•OH → H2O2   ...... (5.3) 

2HO•
2 → H2O2 + O2  ...... (5.4) 

•H+ H2O2 → •OH + H2O  ...... (5.5) 
 

The current Chapter presents the results of our study on the application 

of sonolysis/ sonocatalysis for the degradation and mineralization of Indigo 

Carmine dye in water. The effect of various operational parameters such as 

frequency of US, power density, pH, presence of various additives such as 

Fe2+, H2O2, S2O8
2- and anions/salts on the efficiency of degradation is 

investigated in detail and the results are discussed.   

5.2   Materials and Methods 

5.2.1 Materials 

Various chemicals used in this study, i.e. IC, ZnO, H2O2 (30.0% w/v) 

and K2S2O8 (PS), are the same as in previous Chapters and are used as 

such without further purification. Various other chemicals used were also 

of AnalaR grade or equivalent, unless indicated otherwise. 
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5.2.2 Sonolysis 

Sonication of the reaction system was carried out in a jacketed glass 

reactor of 500 mL capacity. Ultrasound (US) of different frequencies was 

generated using an L3 ELAC Nautic ultrasound generator powered by an 

allied signal R/F generator (T & C power conversion, model AG1006). 

The variable frequencies used were 200, 350, 620, and 1000 kHz. The 

power applied varied from 20 to 80W. The temperature was maintained at 

25±1°C by circulating cooling water through the jacket from a thermostat. 

Typical reactor assembly is shown in figure 5.1.  

 

 

Fig. 5.1: Sonoreaction assembly, 1: Glass reactor,                       
2, 3: Variable frequency generators, 4: Power 
supply unit, 5: Thermostat 

 
The disappearance of the dye was followed by using UV/Vis 

spectrophotometry (609 nm). The intermediates were detected using 

LC/MS (Waters Xevo G2 Q-TOF). The COD was determined by Open 

reflux method (as described in Chapter 2). 
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5.3 Results and Discussion 

Preliminary experiments have shown that irradiation by US 

(sonolysis) is a viable method for the degradation of traces of Indigo 

Carmine dye pollutant in water. Hence the process and the influence of 

various reaction parameters on its efficiency are investigated in detail. 

5.3.1 Effect of frequency of US 

The effect of frequency of US on the degradation of IC is measured 

by performing experiments at four different frequencies, i.e. 200, 350, 

620 and 1000 kHz keeping the power constant (80W). The degradation 

pattern is given in figure 5.2. 

   

 
Fig. 5.2: Effect of US frequency on the sonochemical degradation of IC 
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The rate of degradation does not have any direct correlation with 

the frequency and is the highest at 350 kHz. The degradation is less at 

both the lower frequency (200 kHz) and the higher frequency (1000 kHz). 

Hence simple increase in the frequency does not guarantee increased 

sonodegradation of the pollutant. A distinct difference in the degradation 

with change in frequency was observed only during the early stage of 

sonolysis (upto 60 minutes). Later on, the degradation efficiency was 

comparable (>80%). The optimum frequency for the degradation of IC is 

therefore taken as 350 kHz. 

The size of the bubble (resonance size), number of bubbles formed, 

life time of the acoustic bubble in the multibubble field and the intensity 

of collapse are the important factors in sonolytic degradation which in 

turn depend on the ultrasonic frequency and power [2501]. The resonant 

size of the bubbles decreases with increase in the frequency [42], i.e., the 

size of the bubble will be in the order 200 kHz > 350 kHz > 620 kHz >            

1 MHz. At lower frequency, the bubble pulsation occurs slowly and              

the life time of the cavitating bubble will be more. Thus, chances of 

recombination of the reactive ·OH in the interface get enhanced. At higher 

frequency, the size of the cavity is reduced. However the availability of 

reaction site and the number of cavitational events become higher and 

consequently more ·OH radicals are generated resulting in faster reaction. 

The cavitation bubbles become more dispersed and more accessible for 

the reacting species which also result in enhanced degradation of the 

substrate [251]. The life time of an acoustic bubble in a multibubble field, 

which may vary with the applied frequency, is another important factor in 
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sonolytic degradation of organics. Sunartio et al. [252] reported that the 

life time of a cavitating bubble increases with decreasing frequency, i.e. in 

the present case, maximum lifetime is at 200 kHz and the least at 1 MHz. 

Chowdhuri and Vijayaraghavan [42] compared the sonolytic effects at 

two different frequencies of 200 and 350 kHz and concluded that the life 

time of the bubble in the acoustic field is comparable at the two 

frequencies. However the number of cavitations is higher at 350 kHz 

thereby generating more hydroxyl radicals. Consequently, degradation of 

IC is enhanced when frequency is increased from 200 to 350 kHz. But 

with further increase in the frequency, the relative life time of the bubble 

becomes lower and therefore the collapse of the bubble will be less 

violent. This results in decreased formation of •OH. This is the likely 

reason for the lower efficiency of degradation at higher frequencies of 

620 and 1000 kHz. 

5.3.2 Effect of power 

The effect of power of US on the degradation of IC is monitored by 

varying the power (20W, 40W, 60W and 80W) at a fixed frequency of 

350 kHz. The results are shown in figure 5.3. After the initial induction 

period, efficiency of degradation increases with increase in power, with 

maximum degradation at 80W. Acoustic intensity dissipated into the 

solution is directly related to the applied power [253]. At the appropriate 

power, the bubble growth starts and reaches the resonant size. This is 

followed by collapse of the bubbles and subsequent formation of •OH. 
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Fig. 5.3: Effect of US power on the sonolytic degradation of IC 

 

The hike in power can also enhance the negative pressure exerted 

by ultrasound. As a result, the bubble expands more in the rarefaction 

stage and the cavity reaches the resonance size instantly. Consequently 

pyrolysis and •OH formation reaction takes place at accelerated rate [254]. 

In any case, in the current study, the degradation of IC is completed even at 

the lower power of US and the net time taken for complete degradation is 

only marginally less at higher power even though the degradation is more 

dependent on sono power in the early stages of the reaction. 

5.3.3 Effect of Concentration of IC 

The effect of concentration of IC on its sonochemical degradation is 

investigated in the range of (0.5-2.0) ×10-4M at the optimized frequency 

(350 kHz) and power (80W) of US. The percentage degradation decreases 
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with increase in concentration (figure 5.4). However more appropriate 

measure of the efficiency is the rate of degradation. The rate of 

degradation of IC at different concentrations is plotted in the inset of 

figure 5.4. The rate increases with increase in concentration of IC, reaches 

an optimum at 1.0×10-4M and decreases thereafter. Accordingly, 1.0×10-4M 

of IC is chosen as the optimum concentration for further studies. 

 
Fig. 5.4:  Effect of concentration of IC on its % sonodegradation 
 [Inset]: Rate vs Concentration plot 
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reaction (5.3). H2O2 is detected in the present system also. It is also 

possible that the pollutant molecule inside or in the neighborhood of a 

disintegrating bubble can get thermally degraded due to the supercritical 

conditions of high local temperature and pressure [255]. 

The initial degradation of the dye will be dependent on the relative 

concentration of dye molecules at the interface of the cavitation bubble 

and the •OH radicals. IC is a low volatile compound and its relative 

concentration at the cavitation-bubble interface will be less. Consequently, 

the sonochemical degradation also will be slower. The rate determining 

step is the generation of •OH either from water or the deprotonation of 

insitu formed H2O2 or both under sonolysis. At lower dye concentration, 

the •OH radicals have lesser number of dye molecules to interact with and 

the rate of degradation is slower. The degradation takes place primarily in 

the bulk of the solution where the •OH radical concentration is low 

because only a small part of the radicals generated at the bubble surface 

can diffuse into the bulk. 

With increase in concentration of IC, the frequency of interaction 

between the substrate and the •OH is more and the rate of degradation 

increases steadily until the optimum is reached. Beyond the optimum 

concentration, the rate of •OH radical generation and/or its diffusion into 

the bulk may not be adequate to interact with correspondingly more of the 

pollutant molecules and the rate slows down and even decreases. At 

higher concentration of the dye, the penetration of US into the system and 

consequently the generation of •OH are inhibited. This also leads to 

decrease in the degradation. Moreover, as the reaction proceeds, more and 
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more intermediates are formed which will compete with IC for the •OH 

radicals resulting in further decrease in the rate. Similarly, the concentration 

of the dye molecules inside the bubble and the bubble-solution interface 

also will be relatively less in comparison to its overall concentration. This 

also results in apparent decrease in the rate of degradation at higher 

concentration. Hence optimization of the concentration of the dye in water 

is important for achieving efficient and economical decontamination of the 

polluted water. 

5.3.4 Effect of pH 

The pH of the reaction medium is known to have strong influence 

on all AOPs including US-induced degradation of organic pollutants. 

Therefore the effect of pH on the sonochemical degradation of IC was 

studied. The results are shown in figure 5.5. In the absence of US, the 

effect of pH on the dye is negligible, with mild degradation in the acidic 

pH. It is observed that the sonodegradation is more efficient in the acidic 

region than in the alkaline region. At lower pH, the formation of 

hydrogen peroxide by the recombination of hydroxyl radicals will be less 

[255]. Therefore, the number of hydroxyl radicals available for the 

reaction with IC in the liquid region is more. Similarly, the number of 

reaction sites will increase at this pH due to the increased bubble 

repulsion caused by the accumulation of hydronium ion in the interface 

region [256]. This also enhances the degradation at lower pH. 
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Fig. 5.5: Effect of pH on the sonochemical degradation of IC 

 

5.3.5 Effect of power density 

The effect of power density (power/volume) of US on the 

sonodegradation of IC was studied by taking different volumes of the 

reaction solution keeping the power applied constant at 80W. By 
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decreasing from 500 to 100 mL), the degradation increases steeply 

initially and slowly thereafter, to level off eventually (figure 5.6). This 

implies that the relative volume of the reactants and the applied US power 

have to be optimized in order to achieve efficient sonodegradation. 
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Fig. 5.6: Effect of US power density on the sonodegradation of IC 
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Fig. 5.7: Formation of H2O2 during the sonochemical degradation of IC 
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and form reactive •OH and H2O2 (reaction 5.7, 5.8). The ‘hot spot effect’ 
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the pyrolysis of water molecules as in reaction (5.9). This as well as reaction 
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species (ROS) such as •OH, HO2·
 and H2O2 which will facilitate the 

degradation and mineralization of the substrate IC (reaction 5.12).  
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H2O      + >>>  →    H• +  •OH                ...... (5.9) 

H• + O2 → O + •OH              .... (5.10) 

H• + O2 → HO2
•  .... (5.11) 

IC + ROS (•OH, HO2
•, H2O2 etc.) → →  

Intermediates  → → Mineralization (CO2, H2O)  .... (5.12)   
 

5.3.7 Effect of hydrogen peroxide 

Since H2O2, a powerful oxidant, is formed insitu during the 

sonolytic process, it is quite possible that the rate of degradation of IC is 

enhanced by its increasing presence in the system. The effect of H2O2 on 

the degradation of IC is investigated by initially adding different 

concentrations of H2O2 (10-50 mg/L) under standardized sonoconditions. 

The results are shown in figure 5.8.   

 
Fig. 5.8:  Effect of H2O2 on the sonochemical degradation of IC 
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The degradation is enhanced in the presence of H2O2. Control 

experiments in the presence of H2O2 without sonication showed no 

significant degradation within the time frame of experiments. The 

degradation increases with increase in the concentration of H2O2. At 

lower concentration, there is an induction period, which is probably due 

to the slower generation of •OH radicals. However, eventually the rate is 

enhanced at all concentrations. Complete (100%) degradation is achieved 

in about 25 minutes with 50 mg/L of added H2O2, while it takes 

approximately 60 minutes at lower concentrations. The enhancement can 

be attributed to the additional ·OH formed during the sonication by the 

pyrolysis of hydrogen peroxide as in reaction (5.13) [258, 259]. 

H2O2 →  2•OH                                    .... (5.13) 

However the •OH can also act as a scavenger of H2O2 thereby reduces the 

net concentration of H2O2 as follows: 

H2O2 + •OH  →  H2O + HO2
•            .... (5.14)  

The detrimental effect of H2O2 at higher concentration [260-262] on 

the AOP degradation of organics is not quite evident here. However the 

enhancement in degradation with increase in H2O2 concentration slows 

down at higher concentration indicating that the scavenging of •OH by 

H2O2 is also taking place in parallel. The enhancement by added H2O2 can 

be explained in two possible ways: i) H2O2 molecules that enter the 

cavitation bubbles during sonication are broken into OH radicals, which 

enter the solution, interact with and degrade the IC. ii) The H2O2 oxidizes 

IC directly.  However the higher rate of enhancement is not sustained 

later on. This can be explained as follows:  
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In the beginning, added H2O2 decomposes faster in presence of US 

producing maximum OH radicals which can degrade IC. However, the 

decomposition of H2O2 to water and oxygen (H2O2 → H2O + O2) also 

occurs in parallel which restricts the continued availability of the 

oxidizing species for IC degradation. Further, even in those experiments 

without externally added H2O2, the H2O2 formed in-situ will be accelerating 

the reaction rate. Hence the effect of initially added H2O2 is not that 

prominent in the later stages of the reaction. 

5.3.8 Effect of Fe2+ 

The insitu formation of H2O2 in the reaction system opens up the 

possibility of enhancing the degradation significantly, by introducing Fe2+ 

to the system and promoting a Fenton like reaction. This will initiate a 

combination AOP, i.e. SonoFenton and its associated additive or even 

synergistic effect. In order to verify this possibility, the effect of added 

Fe2+ on the degradation of IC is investigated. FeSO4 is added to the dye 

solution prior to sonication by keeping the frequency and power constant 

at 350 kHz and 80W respectively. All reaction parameters are kept the 

same as those in the case of regular sonolysis. In order to maintain the 

ideal Fenton condition [263, 264] the initial pH of the solution was 

maintained at 4-5. The results are compared with those under simple 

sonolysis as well as comparable Fenton conditions and are shown in 

figure 5.9. The sonodegradation increases in the presence of Fe2+. The 

percentage degradation of IC after 15 minutes of sonication in presence 

of 50 mg/L Fe2+ is ~ 99%. During this period, the degradation under 

simple Fenton is ~ 40% while it is only ~ 5% under simple sonolysis.  
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Fig. 5.9: Effect of added Fe2+

 on the sonochemical degradation of IC 
 

This clearly shows that the effect is more than additive and hence synergistic. 

The synergy index of sonoFenton process in comparison to the additive 
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Table 5.1: Synergy at different time periods of reaction 

Time 
(minutes) 

% Degradation 
Synergy 

sonoFenton Fenton Sono 

5 78 18.47 5.42 3.39 

10 87 29.34 6.45 2.48 

15 99.87 41.34 7.07 2.10 

20 99.97 47.68 18.67 1.73 

25 99 56.78 29.89 1.05(~1.0) 

30 99.97 61.34 42.36 0.97(~1.0) 

 

The high synergy reconfirms the formation of H2O2 insitu under 

sonication which makes the Fenton process possible in presence of added 

FeSO4.  The Fenton process results in the formation of more reactive free 

radicals such as •OH, HO2
• etc. as in reactions (5.16) – (5.20). However, 

with time of reaction, the synergy/additive effect becomes less and less 

significant (SI decreases to ~1.05 (~1.0) and 0.97 (~ 1.0) after 25 and            

30 min. respectively) probably because the concentration of the dye has 

become too low to show any significant enhancement in the rate of 

degradation by the combination process (over the sum of the degradation 

by respective individual processes).  

 

Various reactions taking place in presence of Fe2+and H2O2 (Fenton 

reaction) under US irradiation can be summarized as follows: 

Fe2+ + H2O2   →  Fe3++ •OH + -OH   .... (5.16) 

H2O2+)))  → 2 •OH        .... (5.17) 

H2O2+
•OH  →  H2O+HO2

•   .... (5.18) 

Fe3+ + H2O2 → Fe(OOH)2+ + H+    .... (5.19) 
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Fe (OOH)2+ + ))) → Fe2+ +HO2
•  .... (5.20) 

2Fe3+ →  3Fe2+  .... (5.21) 

Fe3++HO2
• → Fe2+ + H++O2  .... (5.22) 

 

Thus it is seen that the US induced formation of .OH radicals in 

aqueous solutions is enhanced in the simultaneous presence of Fe2+ and 

H2O2.  Complex redox reactions also take place leading to the formation 

of hydroperoxide radicals and reduced Fe2+ ions [264] which also results 

in enhanced degradation of the pollutant. 

5.3.9 Effect of persulphate 

The enhancement in the sonochemical degradation of IC in 

presence of H2O2 opens up the possibility of using another powerful 

oxidant persulphate. Accordingly, sonolysis of IC was done in the 

presence of persulphate (PS) as an additive. It is observed that the 

degradation is faster in the presence of PS. The sonodegradation of IC is     

~ 30% in the absence of PS while it is ~ 62% in presence of PS (15 mg/L) 

in 20 minutes. The results are shown in figure 5.10. Sonolysis of PS 

results in the formation of sulfate radical anion which is a selective 

oxidant (2.6 V). Oxidative degradation of organic compounds by sulphate 

radical is well documented [266]. The degradation is increasing with 

increase in concentration of PS, in the range 10-25mg/L. The degradation 

is complete in less than 1 hr. even at the lowest concentration of PS, i.e., 

10 mgL. PS can diffuse to the interfacial region where pyrolysis also 

produces sulphate radical. 
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 Fig. 5.10: Effect of PS on the sonochemical degradation of IC 

 

Various ROS such as H2O2, HO2
•, •OH etc. and SO4

-• formed during 

the irradiation by radical inter conversion reactions interact with IC in the 

bulk, leading to its degradation into various intermediates and eventual 

mineralization (reactions 5.24 – 5.32). The results also show that both 

H2O2 and PS have comparable enhancing efficiency. The ·OH radicals 

also interact with the SO4
-• resulting in the destruction of both by chain 

termination. Hence addition of more PS is necessary to sustain the 

generation of SO4
-• and consequently the degradation of IC to drive the 

reaction to completion, especially so at later stages of reaction when the 

rate becomes slower. However, too much excess of PS can lead to 

deactivation of SO4
-• as in reaction (5. 32). 

 

0 20 40 60 80 100

0

20

40

60

80

100

[IC]: 1x10-4M
Vol: 200mL
Frequency: 350kHz
Power: 80W

%
 D

eg
ra

da
tio

n

Time (min)

  0mg/L  PS
 10mg/L PS
 15mg/L PS
 20mg/L PS
 25mg/L PS



Ultrasound as the Source of Activation in AOPs for the Decontamination of Water from … 

185 

 

Various reactions leading to the formation and interactions of SO4
-. 

in presence of added S2O8
2- are as follows: 

S2O8
2-+ )))  →  2SO4

-•   ...  (5.23) 

SO4
-• + RH  →  R•+ HSO4

-   ........ (5.24) where RH=IC  

SO4
-• + H2O  →  SO4

2-+ H+ + •OH   .... (5.25)  

S2O8
2- + RH  →  SO4

-• + HSO4
-+R•   ..... (5.26)  

•OH + (RH, R•) →  Intermediates   → products   .... (5.27)  

SO4
-·+ (R•, •OH)→  Chain termination  .... (5.28)  

2SO4
-• →  S2O8

2- Chain termination   .... (5.29)  

2 •OH  →  H2O2 Chain termination                   .... (5.30)  

2R•  →  RR Chain termination/Further degradation..(5.31)  

SO4
-•+ S2O8

2-  →  SO4
2- + S2O8

-•           .... (5.32) 

 

5.3.10 Effect of addition of ZnO 

ZnO has been proven to be a good catalyst for the sono and photo 

degradation of many organic pollutants in water. Hence the effect of ZnO 

on the sono degradation of IC is tested under standardized conditions for 

sonolysis. The degradation increases moderately in presence of the 

catalyst (figure 5.11). With increase in catalyst dosage, the degradation 

increases slowly reaches an optimum at 0.06 g and stabilizes thereafter. 

The sonodegradation is more in the presence of ZnO compared to that 

with ultrasound alone. This may be because in presence of ZnO under US 
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irradiation, more hydroxyl radicals are produced which will react with 

more of the IC molecules and degrade them. ZnO is an efficient catalyst 

offering surface sites for the adsorption of the substrate leading to 

enhanced interaction with the surface generated .OH radicals. It is known 

that presence of suspended particles of appropriate size and amounts in 

water lead to increase in the acoustic noise and rise in the temperature in 

the irradiated liquid [187, 202].  

 
Fig. 5.11: Effect of ZnO at different dosages on the sonochemical 

degradation of IC 
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number of cavitation bubbles increases the pyrolysis of water which also 

leads to increase in the generation of reactive free radicals and 

degradation of IC under sonication. However, any increase in the catalyst 

dosage beyond the optimum will only result in the aggregation of 

particles which will limit the number of catalytically active accessible 

sites at the surface. Higher dosage of suspended particles will also disturb 

the transmission of ultrasound in the aqueous medium. Hence there is no 

further increase in degradation of the pollutant beyond a particular 

dosage. The sonoluminescence resulting in UV irradiation may also 

accelerate the reaction through photocatalysis since ZnO is an efficient 

photocatalyst [187, 250, 260].  

5.3.11 Comparative degradation efficiency of IC in presence of 
additives 

 

Further to the experiments conducted in presence of various 

additives individually as above, preliminary studies were made on the 

efficiency of various combinations for the degradation of IC (in terms of 

the time taken for complete decolorization). The results are shown in 

figure 5.12. 

Accordingly the most efficient systems for the degradation of IC are:  

i) Sonolysis in presence of ZnO and PS (US/PS/ZnO) 

ii) Sonolysis in presence of  H2O2 and PS (US/PS/H2O2) and  

iii) Sonolysis in presence of PS, H2O2 and ZnO (US/PS/H2O2/ZnO).  

Sonolysis in presence of (i) H2O2 and ZnO (US/H2O2/ZnO) as well 

as (ii) PS (US/PS) are also efficient, though slightly less than the above 

three systems.   
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Fig. 5.12:  Comparison of the time taken for decolorization of IC 

in different systems 
 

The relative efficiency of various systems for the decolorization is 

in the order: 

(US/PS/ZnO) ≈ (US+PS+H2O2+ZnO) ≈ (US/PS/H2O2) > 

US/H2O2/ZnO ≈ US/PS > US/H2O2 ≈ US/ZnO  .... (5.33) 

 

The relative efficiency of the additives for enhancing the rate of 

degradation of the pollutant may vary with the concentration of the 

additives and the reaction conditions. This may be attributed to the 

multiple interactions of various reactive free radicals at different stages of 

reaction leading to different transient intermediates [187, 202]. In-depth 

investigations on such parameters will help to identify optimum 

conditions for the degradation/mineralization of the pollutant. However, 
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such an investigation is beyond the scope of this study and is hence not 

attempted. 

5.3.12 Effect of anions 

Anions/salts likely to be present in most of natural waters are 

known to influence the efficiency of many AOPs for water purification. 

In this context, the effect of few such anions i.e., SO4
2- , Cl-, CO3

2-, HCO3
-, 

and PO4
3_ on the rate of sonolytic degradation of IC is investigated and 

the results are presented in figure 5.13.  

 
Fig. 5.13:  Effect of common anions in water on the sonolytic 

degradation of IC 
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ranges of various anions (5-15 mg/L) on the degradation of IC confirm 

that the concentration effect is negligible at least in this range. This 

suggests that sonolysis is an efficient source of AOP activation for the 

removal of IC even from natural water containing dissolved salts. 

However, at much higher concentration of the anions (which is not 

natural in most water sources), the possibility of inhibition cannot be 

ruled out as has been reported in few earlier studies [202].  

Since the efficiency of sonolysis for the degradation of IC in water 

is higher in the presence of additives such as PS, H2O2, ZnO and/or their 

combination, the effect of anions is tested under these conditions as well. 

In these cases also anions have practically no effect except the inhibition 

by PO4
3-. This implies that the most efficient systems identified earlier, 

i.e.US/PS/ZnO, US/PS/H2O2/ZnO or US/PS/H2O2 can be used for the 

decontamination of water from IC even in the presence of moderate 

amount of natural anions. 

5.3.13 Mineralization studies 

The efficiency of any AOP for the decontamination of water 

depends on its ability to completely mineralize the pollutants into 

harmless products. The mineralization in the current instance is tested 

by measuring the chemical oxygen demand (COD) of the system at 

different times of sonication. The COD disappears completely in 10 hr. 

time by simple sonication in the absence of any oxidant or catalyst 

(figure 5.14).  
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Fig. 5.14: Reduction in COD during sonodegradation of IC 

 

The time taken for complete mineralization of IC is much less in 

presence of specific additives, as shown in figure 5.15.   

The efficiency of mineralization of various systems is in the order: 

(US/PS/ZnO) ≈ (US/PS/H2O2) ≈ (US+PS+H2O2+ZnO) > 

US/PS  > US/H2O2 ≈ US/ZnO  .... (5.34) 

 

The mineralization as well as the decolorization follows the same 

pattern thereby suggesting that the degradation of the intermediates 

formed during the decolorization is also facilitated by the oxidants.  
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Fig. 5.15: Comparison of the time taken for complete mineralization 

of IC under sonolysis in presence of different additives 
 

The longer time taken for mineralization compared to decolorization 

shows that the former proceeds through the formation of recalcitrant 

intermediates which take longer time to be irreversibly transformed into 

harmless CO2, H2O2 and salts. 

Various intermediates formed during degradation of IC are analyzed 

by LC/MS and are shown in Table 5.2. 
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Table 5.2: Major intermediates identified during the sonodegradation of IC 

m/z Mol. formula Molecular structure 
189 C6H7NSO4 
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OH

OH

O O

N
H

H
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OH

ONH2

S
O

O
OH

 
225 C8H5NSO7 

O

N
H

O

S

O

O

OH

 
259 C8H5NSO7 

O

NH

O

S

O

O

OH

OH

OH

 
358 C16H10N2SO6 

ONH

O

S

O

O

NH

OH

OH

 
423 C16H11N2SO10 

ONH

OH

S

O

O

NH

OH

OH

OH

OH

OH

OH

 



Chapter 5 

194 

5.4 Conclusion 

Ultrasound irradiation at appropriate power and frequency is an 

efficient mode of activation in advanced oxidation process (AOP) for the 

decolorization as well as mineralization of Indigo Carmine dye pollutant 

in water. The mineralization, which is confirmed by measuring the 

chemical oxygen demand, proceeds through a number of intermediates. 

These intermediates are identified and characterized by LC/MS. 

Combination of sonolysis with additives such as Fe2+, H2O2, persulphate 

and ZnO enhances the efficiency of the process for decolorization as well 

as mineralization. The presence of salts/anions commonly found in water 

does not inhibit the degradation or mineralization, except in the case of 

PO4
3- ions. Hence the sonolytic AOP, under suitably standardized 

conditions, is a potential technique for the decontamination of water from 

Indigo Carmine (IC) pollutant even in the case of natural effluents 

containing moderate amounts of salt contaminants. 

 

…..….. 
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6.1  Introduction 

As discussed in earlier Chapters, Advanced Oxidation Processes 

(AOPs) are environment-friendly and economical techniques for the 

removal of toxic and hazardous pollutants from water. According to the 

reactive phase, AOPs are classified into homogeneous and heterogeneous 

types. Examples of homogeneous type AOPs include Fenton based 

processes such as classic Fenton (H2O2 + Fe2+), Fenton like processes 

(Fe2+ + H2O2 + metaln+), sono-, photo- and electro-Fenton processes based on 

O3, H2O2, O3-UV, H2O2-UV and O3-H2O2-UV etc. All processes involving 

suspended catalysts belong to the category of heterogeneous AOPs. 

However these processes have gained only limited acceptance so far as 

viable and effective methods for the large-scale decontamination of 

wastewater due to complexity of the process, cost, operational constraints 

etc.. 
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In this context, the simple inexpensive classic Fenton process and 

its variations become important [266, 267]. The hydroxyl radicals 

produced insitu in the Fenton process are nonselective in degrading 

organic pollutants [268]. Fenton's reagent is particularly promising due to 

its low cost, low toxicity of the reagents (Fe (II) and H2O2), and the 

simplicity of the technology. Several studies have shown that the Fenton's 

process is effective for the degradation of a number of organic 

compounds [269-271]. In the present study, the possibility of application 

of Fenton process under various conditions for the removal of the toxic 

recalcitrant dye Indigo carmine (IC) from water is examined. 

6.2 Experimental details    

6.2.1 Materials used 

 H2O2 (30.0% w/v) and FeSO4.7H2O (FS) from Qualigen (India) 

were used as such without further purification. Various other chemicals 

used were also of AnalaR grade or equivalent, unless indicated otherwise. 

6.2.2 Degradation/Mineralization Experiments 

In a typical experiment, the dye solution of required concentration is 

mixed with appropriate combinations of FeSO4 (FS) and H2O2 in a 250 ml 

closed beaker. The reaction mixture is continuously stirred by using a 

magnetic stirrer. The reaction volume is maintained at 50 mL, unless 

indicated otherwise. The degradation is monitored by analyzing the IC 

remaining in the system by using UV-VIS spectrophotometry at 609 nm. 

H2O2 is analysed by standard iodometry. The reaction intermediates and 

products were identified by LC-MS. 
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In the case of solar degradation, the experiments were performed in 

a jacketed pyrex reactor. The dye solution (50 ml) together with the Fenton 

reagent and/or other additives was taken in the inner compartment and 

cooling water from a thermostat (29±1C) was circulated through the outer 

jacket. The experiments were performed by placing the system at the roof top 

of our laboratory at Kochi, Kerala, India (90 57’ 51” N, 760 16’ 59” E) during 

sunny days in February-May, September-December 2017 and 2018. The 

suspension/solution was stirred frequently to ensure uniform mixing. 

Samples were drawn periodically, filtered through 0.45µm filter in the case 

of suspensions and analyzed for the remaining dye concentration. 

Solutions/suspension kept under identical conditions in the dark was used as 

the reference in each case to eliminate the contribution from adsorption 

and/or dark reaction, if any, towards the reduction in the dye concentration.  

Sonolytic Fenton degradation of IC under different experimental 

conditions is investigated using ultrasound (US) of frequency in the range 

200 kHz - 1 MHz and power in the range of 20-80W as the source of 

energy. Electrochemical experiments were done using bismuth oxide 

doped titanium dioxide (BiO2-TiO2) coated on titanium plate as the anode 

and graphite as the cathode in presence of sodium sulphate supporting 

electrolyte (BiO2-TiO2/Ti/graphite/Na2SO4). The experiments were 

conducted under static anodic potential of 3.4V.   

6.3  Results and discussions 

6.3.1 Optimization of Fe2+/H2O2 ratio 

Preliminary experiments have shown that IC can be decolorized by 

Fenton reagent at room temperature. The degradation/decolorization is 
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practically negligible in presence of the individual components (Fe2+ or 

H2O2). The efficiency of the Fenton process for the degradation of any 

organics depends on the relative concentration of the reagent components; 

FeSO4 (FS) and H2O2. Hence detailed investigations were made for 

optimizing the ratio of these critical components for the degradation of IC 

in water.  The concentration of IC is kept constant at 1×10-4M. The % 

degradation of IC at varying ratios of FS and H2O2 at different times of 

reaction is evaluated. The results are plotted in figure 6.1.  

 
Fig. 6.1: Optimization of Fe2+/H2O2 ratio for the degradation of IC 

As seen from the figure the optimum ratio of Fe2+/H2O2 under the 

reaction condition is 5:15.  Further increase in H2O2 dosage leads to 

stabilization of the degradation.  The actual quantity of Fenton reagent in 

the ratio of Fe2+/ H2O2= 5:15 (1:3) is further optimized as follows: 
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6.3.2 Effect of concentration of Fenton reagent on the degradation  
of IC 

The effect of quantity of the Fenton reagent at the optimized ratio of 

1:3 on the decolorization of IC is evaluated and the results are presented 

in figure 6.2.  

 
Fig. 6.2: Effect of concentration of Fenton reagent on the rate of 

degradation of IC 

 
The degradation of IC increases with increase in the concentration of 

Fenton reagent. Eventually the degradation is stabilized (at Fe2+: H2O2 = 

10:30) probably because the concentration of the dye has become relatively 

less for the effective utilization of the higher availability of FR. However, 

this optimized quantity depends on other reaction and reactor parameters and 

may vary under another set of conditions. Hence every time when the 

reaction conditions are changed, the optimum also needs to be reworked. 
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The degradation of IC at different times, using the optimized 

quantity [10:30mg/L (Fe2+:H2O2)] of the Fenton reagent in the ratio (1:3) 

is studied keeping the concentration of IC constant. The results are shown 

in figure 6.3. It is observed that the degradation of IC progresses steadily 

with time. However, the rate of increase in percentage degradation and 

consequently the rate of reaction decrease with time, probably because             

of decrease in the concentration of available IC. Eventually the 

degradation/decolorization reaches 100%, indicating that the intermediates 

formed during the degradation does not significantly retard the interaction 

between the Fenton reagent and IC. This shows that the Fenton process is 

efficient for the complete decolorization of IC in water.  

 

 
Fig. 6.3: Effect of time on the Fenton degradation of IC 
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The decreasing rate of decolorization with time indicates that the 

relative concentration of IC and FR at any point in time of reaction 

influences the rate of degradation. This is further verified from the effect of 

initial concentration of IC on its degradation, keeping other parameters 

constant.  

6.3.3 Effect of initial concentration of IC on the Fenton degradation  

The effect of concentration of IC on the % degradation is presented            

in figure 6.4. The % degradation decreases slowly with increase in 

concentration of IC. However, the rate of degradation increases steadily with 

increase in the concentration (Inset of Fig. 5).  

 
Fig. 6.4:  Effect of initial concentration of IC on its Fenton 

degradation [Inset: Concentration Vs Rate plot] 

0.5 1.0 1.5 2.0 2.5
40

50

60

70

80

90

0.0 0.5 1.0 1.5

0.0

0.5

1.0

1.5

2.0

2.5

R
at

e(
x1

0-
6 )

Conc (x10-4)M

[Fe2+]: 10mg/L
[H2O2]: 30mg/L

[Fe2+]: 10mg/L
[H2O2]: 30mg/L

Vol: 50mL
Time: 60 min

%
 D

eg
ra

da
ti

on
 

Concentration of IC (x10-4M)



Chapter 6 

202 

Beyond a particular optimum concentration (1×10-4M), the rate of 

degradation slows down. This may be because the concentration of the 

Fenton reagent is not adequate enough to interact with the higher number of 

IC molecules available in the system and increase the rate of reaction. Based 

on these data, 1×10-4M solution of IC is chosen as the optimum for further 

investigations. 

6.3.4 Effect of pH on the Fenton degradation of IC 

The pH is a very important and critical parameter that influences the 

efficiency of the Fenton's process. Change in pH of the solution results in 

variation in the concentration of Fe2+ and consequently the rate of production 

of ·OH radicals which are responsible for oxidation of IC [272]. The 

influence of pH on the decolorization of IC was investigated by keeping all 

other parameters constant and the result are presented in figure 6.5.  

 
Fig. 6.5: Effect of pH on the Fenton degradation of IC 
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The results show that Fenton process is favored only in the acidic 

pH range especially upto pH~ 5. Above pH 5, the generation of .OH 

decreases sharply due to the formation of Fe3+ ions which tend to 

precipitate in the form Fe(OH)3 as in reaction (6.1). 

 Fe3+ + 3-OH    →     Fe (OH)3        ...... (6.1) 

This reaction is favored at higher pH [265]. Therefore, the initial 

pH value has to be in the acidic range (< ~5) to generate the maximum 

amount of .OH radicals and thus to oxidize the organic compounds. 

 

6.3.5 Effect of Persulphate on the Fenton degradation of IC 

Persulphates (S2O8
2-) are proven to be strong oxidants in AOPs due 

to the insitu formation of highly reactive SO4
-· radical anions. Hence the 

probability of enhancing the efficiency of the Fenton process by the 

addition of persulphate (PS) is tested at various concentrations and the 

results are presented in figure 6.6. The results show that persulphates 

enhance the Fenton reaction (FR)- induced degradation of IC. 

Persulphate anion is the most powerful oxidant among the peroxygen 

family of compounds and one of the strongest oxidants used in 

environmental remediation. In addition to its direct oxidation capability, 

persulphates can also yield highly reactive sulphate radicals (as shown 

in equations 6.2, 6.3), which are also powerful oxidants like the hydroxyl 

radicals.  
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Fig. 6.6:  Effect of persulphate at various concentrations on the 

Fenton degradation of IC 
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Hence the economic viability of using PS to accelerate the 

efficiency of Fenton process for the degradation of pollutants in water 

needs to be experimentally verified and the parameters optimized in each 

case as appropriate.   

6.3.6 Effect of salts/anions on the Fenton degradation of IC 

The presence of chemical contaminants such as salts/anions/cations 

is known to influence the efficiency of AOPs for the mineralization of 

pollutants in water. Anions are used at different stages of the dyeing 

process and are hence likely to be present in the effluent water from dye 

related operations.  In this context, the effect of few common anions             

(Cl-, CO3
2-, HCO3

-, PO4
3-) which are likely to be present in many natural 

water sources on the efficiency of the Fenton process for the decolorization 

of IC is examined. The results are presented in figure 6.7. 

 
Fig. 6.7: Effect of anions on the Fenton degradation of IC 
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Anions at the specified concentration are added to the reaction 

system individually and the Fenton degradation of IC in their presence 

was compared with the normal system. Results show that chloride has no 

effect on the degradation while carbonate and bicarbonate are good 

inhibitors. Phosphate is a strong inhibitor which retards the degradation of 

IC almost completely. 

The main reason for the inhibition by anions may be the 

scavenging of the reactive ·OH radicals formed insitu during the 

Fenton reaction resulting in the formation of radical anions as follows 

[201,265,273]: 

•OH + HCO3
- →  H2O + CO3

•-          ..... (6.7) 

•OH + CO3
2- →  OH- + CO3

•-               ...... (6.8) 

PO4
3- + •OH → PO4

2-• + OH-   ...... (6.9) 

•OH + Cl-  →  OH-+ Cl•                                               .... (6.10)  

Cl• + Cl-  →  Cl2
-•  .... (6.11) 

The radical anions formed in the process are also moderately active 

for the degradation of organics. Their concentration will be increasing 

steadily in the system, unlike the ·OH radicals which decrease 

progressively by recombination and deactivation as in reactions (6.12) 

and (6.13). 

•OH + •OH     →    H2O2                                      .... (6.12) 

•OH+ H2O2      →   H2O+HO2
•  .... (6.13)    
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Hence, reasonable rate of degradation will continue even in 

presence of the •OH radical-scavenging anions. The scavenging rate 

constants for some of the common anions are given in table 3.2 (Chapter 3). 

Accordingly, if the inhibition was exclusively due to scavenging of the 
•OH radicals, it should have been in the order: 

SO4
2- > Cl- > CO3

2-  > HCO3
-  > H2PO4

- 

Since this sequence is not followed, scavenging of the anions 

cannot be considered as the main reason for the inhibition. The very 

strong inhibition in presence of PO4
3- in this homogeneous system is 

surprising even though anions are known to inhibit many heterogeneous 

AOPs due to the blocking of the catalytically active surface sites. This 

possibility for inhibition is ruled out in this system with no suspended 

catalyst particles. In the case of PO4
3- it is possible that the radical anion 

formed from phosphate is practically not active like other radical anions. 

It is also possible that the Fe2+of the Fenton reagent will interact with 

PO4
3- thereby decreasing the amount of the cations needed for the 

formation of ·OH by the Fenton reaction.  

Another reason for the anion effect in the case of Fenton reaction is 

the variation in pH in presence of the anions. Even mild variation in the 

pH, especially from the optimum of ~ 4 can affect the Fenton process 

strongly. The pH of the system in presence of various anions is shown in 

figure 6.8.   
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Fig. 6.8: pH of the dye solution in presence of anions 
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characteristics in the visible range of solar spectrum. In this context, 

experiments were done to verify whether ZnO can be used beneficially in the 

Fenton process, either under ambient condition or in presence of powerful 

activation sources such as sunlight, UV-Vis light or ultrasound. The effect of 

ZnO on the classic Fenton degradation of IC is shown in figure 6.9. 

 
 Fig. 6.9:  Effect of ZnO on the Fenton degradation of IC 
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The substrate also may get shielded from interaction with the reactive free 

radicals by the ZnO particles which also may lead to the inhibition. Presence 

of ZnO also increases the pH of the medium which is another unfavorable 

factor for the Fenton reaction as stated earlier. The pH of the standard IC-FR 

system increases from 4.5 to 7.5 in presence of ZnO (figure 6.10). The effect 

of pH (Fig. 6.5) clearly illustrates that the degradation is severely inhibited at 

pH 7. However, when the pH of the IC-FR-ZnO suspension is modified to 

acidic condition of normal Fenton system, i.e. 4.5, the degradation of IC 

proceeds faster, though the rate is less compared to that of normal Fenton 

(without ZnO). The result is shown in figure 6.10 inset. Hence at least one of 

the main causes for the inhibition by ZnO is its effect on the pH. 

 
Fig. 6.10:  pH of the IC/FR system with and without ZnO    

[Inset: Effect of ZnO on the Fenton degradation of IC 
with and without adjusting the pH] 
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The effect of variation in ZnO dosage on the efficiency of the normal 

Fenton system is experimentally verified and the results are plotted in figure 

6.11. The degradation of IC decreases with increase in the amount of ZnO 

and is almost completely inhibited above 0.010 g. The effect of varying 

amounts of ZnO on the pH of the system is shown in the inset of the figure. 

 
Fig. 6.11: Effect of increasing dosage of ZnO on the Fenton 

degradation of IC [Inset: Effect of ZnO on the pH of the 
IC/FR system] 
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instantly and stabilized. No further degradation was observed even after 

long time. The result is shown in figure 6.12. 

 
Fig. 6.12:  Effect of in between addition of ZnO on the Fenton 

degradation of IC 
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in the same reactor. The results which are shown in figure 6.13 confirm 

the expected outcome, i.e. the rate of degradation is maintained as long as 

the ingredients are available in required quantities. The initial increase in 
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degradation with increase in volume from 25 to 50mL shows that there is 

an optimum volume at which the Fenton process is more efficient 

compared to very low volume. This also indicates that the volume of the 

reaction system is not a constraint for the scaling up of the Fenton process 

at industrial level.  

 

 
Fig. 6.13: Effect of volume on the Fenton degradation of IC 
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 Fig. 6.14:  Mineralization of IC during Fenton degradation  
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Table 6.1: Intermediates formed during the Fenton degradation of IC 

m/z  Molecular Formula Molecular structure 
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6.3.10 Activation of Fenton process by external energy sources 

The efficiency of Fenton process has been reported to be enhanced by 

activation using external energy sources [274]. In this context, the 

application of three sources of energy, i.e., light (photoFenton), ultrasound 

(sonoFenton), and electricity (electroFenton) on the efficiency of the Fenton 

process for the degradation of IC is tested and the results are as follows: 

6.3.10.1 Solar PhotoFenton process 

The time taken for complete decolorization of IC in presence of 

Fenton reagent is reduced from 90 min. to 15min. under solar irradiation 

(see figure 6.15).  

 
Fig. 6.15:  Comparison of different solar photoFenton processes 

for the decolorization of IC 
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Presence of ZnO in classic Fenton has been proven to decrease the 

efficiency of the process, primarily due to change in pH (see Section 

6.3.7). However, being a good solar photocatalyst, ZnO is likely to 

enhance the efficiency of Fenton process under sunlight. This possibility 

is tested under solar Fenton and the decolorization of IC is compared with 

and without ZnO under different conditions (figure 6.15). The efficiency 

of decolorization is in the order: 

Solar Fenton > Solar photocatalyticFenton in presence of ZnO (pH 

adjusted to the regular Fenton pH) > Fenton > ZnO Photocatalysis ≥ 

photocatalyticFenton in presence of ZnO (no pH adjustment). 

The results clearly demonstrate the superiority of the solar Fenton 

process for the degradation of IC. The presence of ZnO is unable to 

accelerate the degradation and overtake the efficiency of the simple 

photoFenton process. This is probably because the extra OH radicals 

generated by the photocatalytic action of ZnO is not enough to 

compensate for the ZnO-inhibition of the generation of OH radicals by 

the interaction of Fe2+ and H2O2. Thus it is seen that Solar Fenton process 

is highly efficient for the decolorization of IC in water. 

6.3.10.2 SonoFenton Process 

The effect of ultrasound (US) with frequency 350 KHz and power 

80W as a source of activation on the Fenton degradation of IC is 

investigated. Experiments were carried out under the conditions optimized 

for normal Fenton. The results are shown in figure 6.16. 
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The time taken for complete decolorization of IC under sonoFenton 

(30 min.) is much less compared to sono only (75 min.) or Fenton only 

(90 min.). The results also show that the combined process (sonoFenton) 

is synergistic and is worth investigating in depth. Preliminary results on 

the synergy of sonoFenton are reported in Chapter 5. 

 
Fig. 6.16:  Comparison of Fenton and SonoFenton processes for 

the degradation of IC 
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transfer, dispersion, and deaggregation of particles [275]. The increased 

formation of reactive .OH radicals under Fenton, Ultrasound irradiation 

and the combination process can be summarized as follows [276,277]: 

 

Fe2+ + H2O2             →  Fe3+ + HO- + HO•     (Fenton)  .... (6.14) 

H2O2 + )))        →   2HO· (US)  ..... (6.15) 

H2O2 + HO·            →   H2O + HO2
•   (Fenton, US)  .... (6.16) 

Fe3+ + H2O2             →   Fe(OOH)2+  + H+   (Fenton)  .... (6.17) 

Fe(OOH)2+ + ))) →  Fe2+ + HO2
•  (US)  .... (6.18) 

Fe3+ + HO2
•  → Fe2+ + H+ + O2     (Fenton, US)             .... (6.19) 

 

In Fenton process, the propagation of US waves into the media 

results in two effects, i.e., enhanced interaction of Fe2+ with H2O2 and 

enhanced regeneration of Fe2+ in the system. This leads to more efficient 

generation of .OH radicals and consequently enhanced degradation of the 

pollutant. This is in addition to the US-induced generation of free radicals 

in the gas bubble and/or in the bulk of the system as follows:  

H2O +   )))      →. H+ •OH                        .... (6.20) 
•H+ O2           →    HO•

2    → •OH+1/2O2  .... (6.21) 

2 •OH        → H2O2    .... (6.22) 

2HO•
2        →   H2O + O2   .... (6.23) 

 

Various parameters relevant for US-Fenton process such as power 

and frequency of the US, relative concentration of H2O2 and Fe2+, 

presence of sono active catalyst, effect of cross-contaminants on the 
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efficiency of the process  etc. can be further evaluated and optimized for 

improving the efficiency of the process. This, being an elaborate 

investigation, is undertaken as a separate project in our laboratory. 

6.3.10.3 ElectroFenton (EF) Process 

Earlier studies have shown that electrochemical process can be a 

viable AOP for the mineralization of pollutants from water [278-280]. 

Combination of electrochemical and Fenton process (EF) is another 

hybrid like sono and photoFenton process worth investigating for 

enhanced efficiency of the Fenton process. Appropriately designed EF 

process has the advantage of insitu generation of H2O2 and Fe2+ and can 

thus avoid the drawbacks of the chemical Fenton process. In the 

electrochemically assisted Fenton process also, the .OH is produced via 

the usual Fenton’s reaction. However in this case, Fenton’s reagent is 

electrochemically generated in situ, thus avoiding the use of high 

quantities of H2O2 and iron (II) salt [84,281]. 

In the present study, the electrolytic degradation of IC is combined 

with the classic Fenton process. Bismuth doped titanium dioxide on 

titanium as the anode and graphite as cathode in presence of sodium 

sulphate as supporting electrolyte has been proven to be an efficient 

electrochemical system for the degradation of IC. Fe2+ is added to the 

system and together with the insitu formed H2O2 a Fenton like system is 

evolved. The degradation of the dye is faster in the case of electroFenton 

compared with that of the normal electrolytic or Fenton reaction. The 

results are shown in figure 6.17. As in the case of sonoFenton and 

photoFenton, electroFenton process also is synergistic, though the 
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synergy is less compared to other processes. In any case the hybrid 

process is additive for the degradation of IC (See Table 6.2). 

 
Fig. 6.17:  Comparison of Fenton and electro Fenton process for 

the degradation of IC 
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efficiency of the electroFenton process depends on the nature of the 

electrodes, pH, catalyst concentration, electrolyte, dissolved O2 level, 

temperature, current density etc.. Detailed investigation on these factors 

will be important in identifying the optimum conditions.  Based on the 

indicative results presented in this Chapter, detailed investigation on these 

and other factors are being undertaken separately as another project. 

6.3.10.4 Comparison of different hybrid Fenton processes for the 
decolorization of IC 

 

Comparison of various types of Fenton processes for the 

decolorization of IC is shown in figure 6.18.  

 
Fig. 6.18: Comparison of different combinations of Fenton 

process for the decolorization of IC 
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The combination process is more efficient and synergistic compared 

to simple Fenton process for the degradation of IC with the efficiency 

being in the order;  

PhotoFenton > ElectroFenton ≈ SonoFenton  ≈ Photocatalytic 

(ZnO) Fenton (pH adjusted) > Photocatalytic (ZnO) Fenton (no pH 

adjustment) > Fenton 
 

Comparative rate of degradation and synergy of the combination 

process over respective individual processes are computed and tabulated 

in Table 6.2.  

Table 6.2:  Comparative rate of degradation of IC under Fenton and 
combination Fenton process 

 

Process Initial rate of degradation × 10-7 (mg/L/min.) Synergy 

Fenton  13.7  

Solar photolysis 8.7  
Solar PhotoFenton 33.0 1.47 

Sono 2.3  
SonoFenton 19.0 1.19 

Electro  8.3  
ElectroFenton 23.0 1.06 

 
 

However, the synergy decreases with time of reaction, possibly 

because of the formation of intermediates which also compete with the 

substrate for the reactive free radicals. The results in Fig.6.18 reveal that 

solar photoFenton is the most efficient process (among those tested here) 

for the decolorization of IC. PhotocatalyticFenton with ZnO as the 

catalyst (after adjusting the pH to that of classic Fenton) is only as 

efficient as electro and sonoFenton. Presence of ZnO increases the pH of 
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the system which is detrimental to the efficiency of Fenton process as has 

been discussed earlier. Hence adjustment of the pH to the optimum pH of 

normal Fenton is important in any combination Fenton process. In any 

case, presence of a solar photocatalyst such as ZnO may be beneficial for 

the efficiency of the solar process especially for mineralization. This is 

verified by testing the role of solar photocatalysis in the mineralization of 

IC (which is tested by COD reduction).   

6.3.11 Mineralization (COD reduction) using different combinations 
of Fenton reaction 

 

The efficiency of various Fenton processes for the total 

mineralization of IC is verified experimentally by measuring the 

reduction in chemical oxygen demand (COD) of the system under 

respective processes. The results are presented in figure 6.19.  

 
Fig. 6.19: Comparison of the COD reduction using different 

combinations of Fenton process 
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Solar photocatalyticFenton with ZnO catalyst is identified as the 

most efficient process for COD reduction. The comparative efficiency of 

various processes for the mineralization is in the order;  

ZnO- solar photocatalyticFenton > Solar photoFenton > 

SonoFenton ≈ ElectroFenton > Fenton.  
 

The results show that even though the presence of ZnO inhibits the 

decolorization of IC under normal Fenton process, it assists the 

mineralization under photolysis due to the photocatalytic activity of ZnO. 

Thus photoFenton is the most efficient process for decolorization of IC 

while photocatalyticFenton is most efficient for its mineralization. 

6.3.12 General Mechanism 

The first step in the Fenton reaction is the oxidation of ferrous to 

ferric ions and decomposition of H2O2 into •OH radicals as follows: 

Fe2+ + H2O2  →  Fe3+ + OH- + •OH           .... (6.24) 

The Fe3+ is reduced by excess H2O2 to regenerate Fe2+ and more 

free radicals as in reaction (6.25) 

Fe3+ + H2O2  →  Fe2+ + HO2
• + H+                .... (6.25) 

Other possible reactions are: 

Fe2+ + •OH  →  Fe3+ + OH-  .... (6.26) 

Fe2+ + HO2
• →  Fe3+ + HO2

-  .... (6.27) 

Fe3+ + HO2
•  →  Fe2+ + O2+ H+                        ...  (6.28) 
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The highly reactive free radicals may get deactivated by self-

scavenging, interaction with other radicals and/or H2O2 as follows: 

•OH+ •OH  →  H2O2                                                        .... (6.29) 
•OH+ H2O2 →  HO2

• + H2O                                            .... (6.30) 

HO2
• + HO2

• →  H2O2 + O2  .... (6.31) 
•OH+ HO2

• →  H2O + O2                                    .... (6.32) 

In the absence of any organic substrate to be oxidized, H2O2 self-

decomposes as in reaction (6.33). 

2H2O2 →  2H2O + O2                                             .... (6.33)  

In presence of organic molecules (R), such as IC in the current 

instance, the degradation can take place as in reactions (6.34) – (6.36) or 

dimerization occurs as in (6.37). Eventually mineralization takes place as 

in (6.38). 

•OH+ R  → H2O + R•→  (Partial mineralization +                         
Colorless intermediates)        .... (6.34) 

 

R• + Fe2+ →  R- + Fe3+                .... (6.35) 

R• + Fe3+ →  R+ + Fe2+                      .... (6.36) 

R• + R• →  RR                    .... (6.37) 

R• or R- or R+ or RR + •OH, HO2
•, H2O2 etc.  

→ intermediates→ → →CO2 +H2O + salts (mineralization)   .... (6.38) 

 

Thus at room temperature and pressure itself, a series of reactive 

free radicals are generated and these can interact with the dye in a variety 

of ways to produce intermediates and eventually mineralize the pollutant. 
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The decolorization/mineralization is accelerated by external energy sources 

such as UV light, sunlight, ultrasound, microwave, electrolysis etc. Relevant 

mechanisms are discussed in respective sections.  

6.4 Conclusion 

Classic Fenton reaction involving use of simple Fe2+ salt and H2O2 

at the optimized ratio under ambient conditions is revisited and used as an 

effective advanced oxidation technique for the removal of traces of the 

toxic dye pollutant Indigo Carmine from water. pH is a critical parameter 

in the process. Naturally occurring contaminant salts in water can affect 

the mineralization of the dye favorably or adversely depending on the 

nature of the salt and the reaction condition. The volume of the reactants 

is not a constraint as long as the necessary ingredients are available in the 

required ratio. These factors together with the relative simplicity of the 

process make Fenton reaction a promising candidate for economic and 

efficient waste water treatment. ZnO which is an efficient photocatalyst in 

many AOPs inhibit the Fenton degradation in the absence of light, 

probably due to change in pH. The presence of suspended particles which 

inhibit the interaction between Fe2+ and H2O2 and thereby the formation 

of ·OH is another cause. The degradation is enhanced synergistically by 

external sources of activation such as sunlight, ultrasound and electrical 

energy. PhotocatalyticFenton process with ZnO as the catalyst is more 

efficient than other processes including photoFenton for the mineralization 

of the dye pollutant.  

…..…..  
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7.1  Introduction 

The current study has identified solar photocatalyticFenton (SPF) 

process mediated by ZnO as a highly efficient AOP for the mineralization 

of the dye pollutant IC in water. The application of this hybrid AOP using 

the environment friendly and economical solar energy as the source of 

activation for the decontamination of water from different types of 

pollutants is tested by selecting four (4) typical families of chemical 

pollutants: Dyes, Petrochemicals, Pesticides and Pharmaceuticals. Only the 

qualitative application of the AOP is tested here to establish the suitability 

of the process. Specific parameters need to be optimized for specific 

applications, which is outside the scope of the current study. 
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7.2  Experimental Details 

7.2.1 Materials used 

The main materials used in the study are, Indigo Carmine and 

Rhodamine B (dyes), Phenol and Acetophenone (petrochemicals), 

Paracetamol and Diclofenac (pharmaceuticals), Diquat and Carbendazim 

(pesticides) and ZnO catalyst. Relevant details about these materials and 

their characteristics are provided in Chapter 2. Unless indicated 

otherwise, all materials used are of AnalaR grade or equivalent and are 

used as such without further purification. 

7.3  Results and Discussion 

7.3.1 Preliminary experiments 

The synthetic polluted water samples were prepared in double 

distilled water and also in natural field water collected from the river 

Periyar at Aluva. The location map showing sample collection point is 

given in figure 7.1. The collected river water sample is analyzed for 

various characteristics and the results are presented in Table 7.1 

 
Fig. 7.1: Location of collection of the Periyar river water sample 
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Table 7.1: Various quality parameters of the river water sample 

Sl.No. Parameter Value  

1 pH  7.34  

2 Suspended Solids (NTU)  2  

3 Dissolved Oxygen (mg/L)  5.32  

4 Redox potential (Eh) (mV)  5  

5 EC (µS)  34.71  

6 TDS (mg/L)  32.57  

7 Salinity (mg/L)  24.91  

8 Chloride (mg/L)  2.63  

9 Sulphate (mg/L) 1.42 

10 Nitrate (mg/L) 2.29 

11 Phosphate (mg/L) ND 

12 Sodium (mg/L) 2.6 

13 Potassium (mg/L) 3.56 

15 Calcium (mg/L) 9.72 

16 Magnesium (mg/L) 7.33 

16 Aluminium (mg/L) Not Detected 

 

7.3.2 Dye pollutants 

Increased demand for textile production and use of synthetic dyes is 

causing severe water pollution. Indigo Carmine (IC) and Rhodamine B 

(RhB) are two major dye pollutants and their complete removal from 

water is important from environmental and safety angles. In this context, 

solar photocatalyticFenton (SPF) degradation of RhB and IC is investigated 

under laboratory conditions using distilled water as well as river water as 

the matrix.  
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The structure and relevant physicochemical characteristics of the 

dyes are provided in Chapter 2. The structures are reproduced below. 

  

Indigo Carmine (IC)

 

 

 Rhodamine B (RhB)

                                      

7.3.2.1 Indigo Carmine, Rhodamine B 

IC is an acidic dye widely used for industrial purposes such as 

printing and dyeing in textiles, paper, paints etc. It is also used as an 

antibacterial and dermatological agent. It is a recalcitrant toxic pollutant 

and a potent carcinogen [134,135,282]. 

The application of SPF process for the mineralization of IC has 

already been investigated in detail as reported in Chapter 6, with distilled 

water as the matrix. Reaction conditions optimized with distilled water as 

the matrix are used in the case of natural river water matrix also for both 

dyes. The parameters are: [Dye] = 10 mg/L, [ZnO] = 0.02 g, [Fe2+] = 10 mg/L 

and H2O2 = 30 mg/L. The degradation of IC and RhB is measured using 
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UV-Visible spectroscopy at λmax = 609 and 554 nm respectively. Results 

on the degradation/decolorization and mineralization of the dyes in 

distilled water are plotted in Figures 7.2 and 7.3 respectively. The 

degradation (in terms of decolorization) and complete mineralization are 

evaluated in natural river water also and the results are presented in 

figures 7.4 and 7.5 respectively. 

The comparative degradation of the two dyes in distilled water  

(Fig. 7.2) shows that it takes 15 minutes for the decolorization of IC. For 

RhB and the combination of the two (IC+RhB), the time taken for 

decolorization is the same, i.e.30 minutes.    

In the case of mineralization (Fig. 7.3), IC is faser and takes only  

2 hrs. RhB takes 6 hr for complete mineralization. Surprisingly the 

result shows that the combination of IC and RhB takes less time (4 hr) 

for mineralization than even RhB alone. It may be because IC is acting 

as a photosensitizer in this case making ZnO an even more efficient                  

solar potocatalyst. Hence the mineralization of RhB is faster in the 

presence of IC, thereby making the mineralization of the combination 

faster.   

In the case of river water also the same trend as in distilled water is 

followed (Fig. 7.4).  IC takes 15 minutes for the decolorization. RhB as 

well as the combination of the two (IC + RhB) take 30 minutes for 

complete decolorization. 
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Fig. 7.2: Comparative time taken for decolorization of IC, 

RhB and (IC+RhB) in distilled water 
 

 

 
Fig. 7.3: Comparison of the mineralization of IC, RhB and 

(IC +RhB) distilled water 
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Fig. 7.4:  Comparative time taken for decolorization of IC, 

RhB and (IC+RhB) in river water 
 

 
Fig. 7.5: Comparative mineralization of IC, RhB and (IC+RB) 

in river water 
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The mineralization also follows the same trend as in distilled water 

(Fig. 7.5). The rate of mineralization is in the order  

 

IC > (IC+RhB) > RhB 

The decolorization of the dye in distilled water and river water is 

compared in figure 7.6. The mineralization in the two matrices is 

compared in figure 7.7 

 

 
Fig. 7.6:  Comparison of the decolorization of the dyes IC, RhB 

and (IC+RB) in distilled water and river water 
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Fig. 7.7: Comparison of the mineralization of the dyes IC, RhB 

and (IC+RB) in distilled water and river water 
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of solar photocatalyticFenton mediated by ZnO. Phenolic compounds           

are present in the effluents of various industries such as oil refining, 

petrochemicals, pharmaceuticals, resin manufacturing, plastics, paint, pulp, 

paper products etc.. Discharge of this pollutant without proper treatment may 

lead to serious health risks to humans, animals, and aquatic systems [283].   

Phenol and Acetophenone are analyzed by Gas Chromatography 

using Flame Ionisation detector, Elite 1301 column and hydrogen as the 

carrier gas. The structure of phenol is given below; 

                     Phenol

 
 

Acetophenone (structure given below) is a by-product in phenol-

acetone synthesis and finds application in many industries such as 

polymers, catalysts, food flavors, fragrance, dyes etc.. It is a major 

pollutant in the effluent water from such industries.  

     Acetophenone

 

The degradation of phenol and acetophenone in distilled water is 

shown in figure 7.8. Phenol is completely degraded in 60 minutes while it 

takes over 90 minutes for complete degradation of ACP. The primary 

degradation of the combination (phenol + acetophenone) is not tested due 

to constraints in the analytical procedure used here. However, the 

mineralization which is followed by COD measurements could be tested 
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for the combination also.  In distilled water, the mineralization of phenol, 

acetophenone and (phenol + acetophenone) is complete in 3 hr, 4 hr and 5 

hr respectively (figure 7.9). In the case of river water matrix, the 

degradation of both phenol and acetophenone takes slightly longer time 

(90 minutes for phenol and 120 minutes for ACP) compared to distilled 

water matrix (figure 7.10). Correspondingly, the time taken for 

mineralization is also more in river water compared to that in distilled 

water for the two pollutants individually and in combination (4 hr for 

phenol, 5 hr for ACP and 6 hr for the combination) (figure 7.11). 

The comparative degradation of phenol and ACP in distilled water 

and river water is presented in figure 7.12. Similar comparison of the 

mineralization of the pollutants, individually and in combination is given in 

figure 7.13. 

 
Fig. 7.8: Comparative time taken for degradation of phenol 

and ACP in distilled water 
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Fig. 7.9: Mineralization of phenol ACP and (Phenol+ACP) in 

distilled water 
 
 

 
Fig. 7.10:  Comparative time taken for degradation of phenol and 

ACP in river water 
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Fig. 7.11: Mineralization of phenol ACP and (Phenol+ACP) in 
river water 

 

 
Fig. 7.12:  Comparison of the degradation of phenol and ACP in 

distilled water and river water 
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Fig. 7.13:  Mineralization of phenol, ACP and (Phenol +ACP) in 

distilled water and river water 
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the ecological angle as well. In this context, the application of solar 

photocatalyticFenton process is tested for the removal of two typical 

pharmaceutical pollutants, i.e.  paracetamol and diclofenac.  

7.3.4.1 Paracetamol, Diclofenac 

Paracetamol (structure given below) is a synthetic drug used to 

relieve and reduce fever. It is often found in effluent water from 

related industries and also in water and wastewater from hospitals. The 

concentration of paracetamol in water is analysed by UV-VIS spectroscopy 

at λmax of 243 nm. 

      Paracetamol

 

 Diclofenac is one of the important pharmaceutical molecules of 

widespread use. It is available in various forms such as ointment, tablets, 

capsules etc. and is one of the most widely used analgesics in the world. 

Hence the probability of water contamination from manufacturing and 

formulation sites, hospitals, individual households etc. is very high. 

Diclofenac is analyzed by UV-VIS spectroscopy at λmax of 275 nm. The 

structure of diclofenac is given below.       

     Diclofenac
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The photocatalyticFenton degradation of paracetamol and diclofenac 

in distilled water at different times of irradiation is given in figure 7.14. 

 
Fig. 7.14: Comparative degradation of paracetamol and diclofenac 

in distilled water 
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and in combination is compared in figure 7.15.  
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Fig. 7.15: Comparative mineralization of paracetamol,  diclofenac 

and paracetamol+diclofenac in distilled water 
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In the case of distilled water, the mineralization of the combination 

(paracetamol + diclofenac) takes the same time as that of the slower 

mineralizing component (paracetamol), i.e., ~ 6 hr. Hence, the components 

or their degradation products do not interact in such a way as to affect the 

mineralization. However, in the case of river water matrix, mineralization of 

the combination takes more time than that for either of the components. 

Hence the natural contaminants present in river water are interacting with the 

intermediates of degradation, thereby inhibiting the mineralization. 

Comparative effect of the matrix (distilled water vs river water) on the 

degradation and mineralization of paracetamol and diclofenac is presented in 

figure 7.18 and 7.19 respectively. The data confirm the inhibiting effect of 

contaminants in river water on the mineralization of diclofenac as well as of 

the combination. The effect is negligible in the case of paracetamol.  

 
Fig. 7.16:  Comparative degradation of paracetamol and diclofenac 

in river water 
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Fig. 7.17: Comparative mineralization of paracetamol,  diclofenac 

and paracetamol+diclofenac in river water 
 
 

 
Fig. 7.18:  Comparative effect of distilled water and river 

water matrices on the degradation of paracetamol 
and diclofenac 
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Fig. 7.19: Comparative effect of distilled water and river 

water matrices on the mineralization of paracetamol,  
diclofenac and paracetamol+diclofenac  
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7.3.5.1 Diquat (Dq), Carbendazim (Cz) 

Diquat is a widely used herbicide. It is acutely toxic when absorbed 

through the skin and the possibility for poisoning increases with repeated 

exposure [137]. It is also a major contaminant of water. The concentration 

of Dq in water is estimated by UV-Vis spectroscopy at λmax=310 nm. The 

chemical structure of diquat is given below;  

 

           Diquat

 

Carbendazim is a systemic benzimadazole fungicide that has 

extensive application. It is used to control diseases in cereals, fruits, 

vegetables and ornamental plants. It is also used for seed pre-planting 

treatment and postharvest food storage. The concentration of carbendazim 

is analysed by UV-VIS spectroscopy at its λmax = 284 nm. The chemical 

structure of carbendazim is as given below; 

        Carbendazim

 
 

The SPF degradation of Diquat (Dq) and Carbendazim (Cz) in 

distilled water is presented in figure 7.20. The degradation is relatively 

slower in the case of carbendazim. However both pesticides are 

completely degraded in distilled water.  
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Fig. 7.20:  Degradation of Diquat and Carbendazim in distilled 

water 
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Fig. 7.21: Mineralization of diquat, carbendazim and the 

combination in distilled water 
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Fig. 7.22: Degradation of Diquat and Carbendazim river water 
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Fig. 7.23:  Mineralization of Diquat, Carbendazim and 

(Diquat + Carbendazim) river water 
 

 

 
Fig. 7.24:  Comparative effect of the matrices (distilled water 

vs river water) on the degradation of Dq and Cz 
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Fig. 7.25:  Comparative effect of the matrices (distilled water 

vs river water) on the mineralization of Dq, Cz 
and Dq+Cz  
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conditions but also in natural river water. Cross contaminants of widely 

varying chemistry do not influence the efficiency of the process 

significantly though the mineralization is slightly slower in the case of the  

combination compared to respective individual pollutants. This makes the 

current process i.e. solar photocatalyticFenton, a potentially viable and 

environmentally safer water decontamination process. Commercial 

application of the process needs further evaluation of the effect of various 

contaminants on the efficiency of the process and corresponding 

optimization. However, the viability of the process for the decontamination 

of water from multiple chemical pollutants under suitably optimized 

conditions is proven beyond doubt in this study.   

 

…..….. 
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Photocatalysis, Electrolysis, Sonolysis, Classic Fenton, SolarFenton, 

SonoFenton, ElectroFenton and Solar photocatalyticFenton have been 

identified as potential Advanced Oxidation Processes (AOPs) for the 

decontamination of water from chemical pollutants. There is no direct 

correlation between the efficiency for primary degradation/decolorization 

and that for mineralization in the case of many pollutants due to the 

formation of more recalcitrant intermediates.   

Solar photocatalysis mediated by ZnO is an efficient environment-

friendly method for the mineralization of the dye pollutant IC in water. 

The mineralization is facilitated by H2O2 while another oxidant persulphate 

(PS) has surprisingly no effect. The degradation of IC follows pseudo first 

order kinetics and Langmuir Hinshelwood (L-H) mechanism. Dissolved 

and/or adsorbed oxygen is essential for the degradation and mineralization 

highlighting the significance of Reactive Oxygen Species (ROS) in the 

process. Salts/anions naturally present in water influence the efficiency of 

solar photocatalysis. The effect is dependent on the concentration of the 

salt.  The degradation proceeds through a number of intermediates which 

also get eventually mineralized as verified by LC/MS. Solar photocatalysis is 

thus able to mineralize IC and IC-derived recalcitrant chemical pollutants 
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in water and bring down the COD to zero. The previous wastewater thus 

becomes reusable. 

Electrolytic process with BiO2-TiO2/Ti anode, graphite cathode and 

Na2SO4 as the electrolyte (BiO2-TiO2/Ti - graphite -Na2SO4) is identified 

as the most efficient electrolytic system for the complete mineralization 

of Indigo Carmine. Absence of any consumable chemicals or other 

additives makes the process an economically viable candidate for water 

treatment. The system is efficient even at its normal pH which makes it 

more attractive. Various intermediates formed during the process               

are identified by LC/MS. Eventually they also get mineralized.                   

BiO2-TiO2/Ti – SS - NaCl is more efficient for the decolorization of the 

dye. However insitu formation of chloro compounds which degraded only 

slowly makes the process inefficient for mineralization.   

Sonocatalysis mediated by ZnO and promoted by oxidants is also an 

efficient AOP for the decolorization and mineralization of IC. H2O2 

formed insitu in the system is accelerating the decolorization due to 

enhanced formation of reactive free radicals.   

Another efficient AOP is the Classic Fenton reaction using simple 

ferrous salt and H2O2 under ambient conditions. The disadvantage of Fe 

sludge formation from accumulated Fe3+/Fe2+ and the slow mineralization 

are overcome by combining the process with photo-, sono- and electro- 

activation. Solar photoFenton is identified as the most efficient process 

for the decolorization of IC while Solar photocatalyticFenton mediated by 

ZnO is the most efficient process for mineralization. The comparative 
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efficiency of various processes for the decolorization/mineralization of IC 

is in the order:  

Decolorization: Solar photoFenton > Solar photocatalyticFenton ≈ 

SonoFenton ≈ ElectroFenton > Photocatalysis ≈ Sonocatalysis > 

Sonolysis > Fenton ≈ Electrolysis > SonocatalyticFenton 

Mineralization: Solar photocatalyticFenton > Solar photoFenton ≈ 

SonoFenton ≈ ElectroFenton > Photocatalysis > Sonocatalysis > 

Sonolysis > Fenton > Electrolysis > SonocatalyticFenton 

Of the above, solar photocatalyticFenton mediated by ZnO is the 

most efficient AOP for the mineralization of IC in water. The efficiency 

of the process for the mineralization of multiple chemical pollutants is 

illustrated using a combination of dyes, pesticides, petrochemicals and 

pharmaceuticals under laboratory conditions as well as field conditions 

with natural river water as the matrix. Cross contamination by various 

organic chemicals does not influence the efficiency of the process 

significantly.  These factors, together with (i) inexpensive safer ZnO as 

the catalyst (ii) relatively harmless chemicals Fe2+ and H2O2 for the insitu 

generation of reactive oxygen species (ROS) and (iii) natural sunlight as 

the energy source, make the process an economically viable and 

environmentally safer ‘green technology’ for the  decontamination of 

water. The otherwise ‘waste’ or ‘used’ water can be thus made reusable.  

…..….. 
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AC                Activated Carbon  

ACP Acetophenone 

AOP                  Advanced Oxidation Process  

AOT                 Advanced Oxidation Technology 

BET                Brunauer–Emmett–Teller  

BOD                 Biological Oxygen Demand 

CB                   Conduction Band  

CCR                   Carbon-centered radicals  

COD                Chemical Oxygen Demand 

DSA  Dimensionally Stable Anode 

Cz Carbendazim 

DB                   Direct Blue  

Dq                     Diquat 

Ea  Activation Energy  

EAOP                Electrochemical Advanced Oxidation Process 

EDAX             Energy Dispersive X-Ray Analysis  

FR                     Fenton reagent  

FS                      Ferrous Sulphate 

FTIR                 Fourier Transform Infra Red  

IC                        Indigo Carmine  

LH               Langmiur-Hinshelwood  

MB                    Methylene blue 

PL    Photoluminescence  

PS                  Peroxydisulfate 
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PZC  Point of zero charge  

RhB               Rhodamine B  

ROS                 Reactive Oxygen Species  

RY                    Reactive Yellow 

SEM             Scanning Electron Microscopy  

SL                      Sunlight  

SPS               Sodium persulfate  

TDS              Total Dissolved Solids  

TEM            Transmission Electron Microscopy 

TiO2            Titanium Dioxide  

TOC            Total Organic Carbon 

TPA              Terephtalic acid  

TSS               Total Suspended Solids 

US                    Ultra Sound  

UV                    Ultra Violet  

VB                    Valence Band  

XRD                 X-ray Diffraction  

ZnO                  Zinc Oxide 
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