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CHAPTER 1 

 

GENERAL INTRODUCTION 
AND LITERATURE REVIEW 

 

 

 

 

1.1 INTRODUCTION 

 Waste effluent discharge from various process industries (such as textile industries, 

pharmaceutical industries etc.) contains several types of hazardous and recalcitrant organic 

pollutants, which are not easily biodegradable. Due to fast economic and industrial 

development around the world, emissions from these process industries have risen to 

daunting levels and have posed severe threat to environment. In the past few decades, 

numerous techniques for effective degradation and mineralization of the recalcitrant organic 

pollutants have been attempted, known as advanced oxidation process (AOP) or advanced 

oxidation technique (AOT). The basic principle of all these AOPs is the production of 

extremely energetic •OH radicals with oxidation potential of 2.8 eV. On the basis of phases 

various components of reaction system, the AOPs are categorized as: (1) homogeneous and 

(2) heterogeneous. The most widely used homogeneous advanced oxidation techniques for 

wastewater treatment are: Fenton process (Fe2+/H2O2), photolysis (UV/H2O2), ferrioxalate 

(Fe3+–oxalate/UV), ozonation (O3), persulfate process (UV/ 2
2 8S O  or Fe2+/ 2

2 8S O  ). For certain 

pollutants, especially the textile dyes appearing in wastewater discharge from textile 

industries (which make second largest contribution to water pollution after agriculture), 
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enzymatic treatments with peroxidase enzymes, e.g. lignin peroxidase, manganese 

peroxidase, horseradish peroxidase or laccase, have also been used. Conventional 

heterogeneous advanced oxidation technique for wastewater treatment is photocatalysis, with 

catalyst in the form of metal oxides such as zinc or titanium, either with pure form or doped 

with transition metals such as Fe–, Ag–, Au–, Ag–, Ni– and Mg. Voluminous research has 

been published in recent past on development of new photocatalysts for application in 

degradation/ mineralization of variety of pollutants. 

 Several authors have also attempted use of combined (or hybrid) advanced oxidation 

techniques for wastewater treatment. Such hybrid techniques, in which two or more 

conventional advanced oxidation techniques are applied simultaneously, have been found to 

give more effective and efficient degradation/ mineralization of recalcitrant pollutants than 

the conventional individual techniques. The hybrid advanced oxidation techniques reported in 

literature in recent past are: photo–Fenton (UV/Fe2+/H2O2), photocatalysis–Fenton (UV/TiO2 

and Fe2+/H2O2), photo–Fenton–ferrioxalate (UV/Fe3+–Oxalate/H2O2), UV/O3, persulfate, 

ozone–microbubble system etc. (Monteagudo et al., 2008, 2013, 2015; Katsumata et al., 

2010; Kusic et al., 2011; Pang and Abdullah, 2013; Nie et al., 2014; Giri and Golder, 2014; 

2014; Khuntia et al., 2014; Ghafoori et al., 2015; Wang et al., 2015). 

 Sonolysis (or ultrasound treatment) is a relatively new advanced oxidation process 

that has attracted attention of researchers. This technique has been successfully applied for 

degradation of a large number of organic pollutants (Adewuyi, 2001, 2005a, 2005b). In this 

technique, the oxidizing radicals are produced through phenomenon of transient cavitation. 

Cavitation is essentially nucleation, growth and implosive collapse of tiny gas bubbles (with 

equilibrium size of few microns), which is driven by pressure variation induced by 

ultrasound. The implosive transient collapse of transient bubbles creates enormous energy 

concentration on extremely small spatial and temporal scale. The temperatures and pressures 
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inside the cavitation bubble reach extreme (~ 5000 K and 500 bar) at the moment of transient 

collapse (Suslick, 1990). At these extreme conditions, the thermal dissociation of gas and 

solvent vapor molecules inside the bubbles gives rise to formation of radical species such as 

•O, •OH, 2HO  and H•. These species either diffuse out of the cavitation bubble (at the point of 

maximum compression or minimum radius) or get released into the bulk liquid medium as 

the bubble undergoes fragmentation at the point of maximum compression during radial 

motion. These radicals can induce/ accelerate numerous chemical reactions in the bulk liquid 

medium including oxidative degradation of the organic pollutants. 

 More recently, sono–hybrid techniques, in which sonolysis technique is coupled with 

conventional advanced oxidation techniques such as Fenton, photolysis, photocatalysis, 

persulfate, enzymatic process etc., have been applied for more effective and efficient 

degradation/ mineralization of bio–recalcitrant pollutants that include phenol and derivatives 

(Entezari and Pétrier, 2003, 2004, 2005; Mishra and Gogate, 2011; Kim et al., 2015), aniline 

(Chen et al., 2015), pharmaceutical drugs such as sulfamethoxazole and ciprofloxacin (Guo et 

al., 2015; Giri and Golder, 2014), azo and non-azo textile dyes (Byun and Kwak, 2005; 

Velegraki, 2006; Berberidou et al., 2007; Rehorek et al., 2007; Madhavan et al., 2010a, He et 

al., 2011; Patidar et al., 2012; Malani et al., 2014), plastic intermediate bisphenol-A (Chakma 

and Moholkar, 2014; Huang et al., 2012), chlorinated aromatic compounds (Peller et al., 

2003), distillery wastewater (Sangave and Pandit, 2006), herbicide linuron and insecticide 

fenitrothion (Katsumata et al., 2010, 2011), non-steroidal anti-inflammatory drug diclofenac 

(Madhavan et a., 2010b; Bagal and Gogate, 2014a), copolymer styrene-acrylic acid (Saien et 

al., 2010), cholesterol (Sun et al., 2011) etc. These hybrid techniques have been termed as: 

sono–Fenton, sono–photolysis, sono–photocatalysis, sono–Ferrioxalate and sono–enzymatic 

(Tangestaninejad et al., 2008;Vinu and Madras, 2009; Jian et al., 2010; Madhavan et al., 

2010a, 2010b; Patidar et al., 2012; Grcic et al., 2012; Xiong et al., 2012; Pang and Abdullah, 
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2012, 2013; Babuponnusami and Muthukumar, 2014; Bagal and Gogate, 2014a; Malani et 

al., 2014; Chakma and Moholkar, 2013a, 2015; Wang et al., 2015). Despite voluminous 

literature published in last one and half decade employing numerous sono–hybrid techniques, 

the exact mechanism of these techniques has remained largely unexplored. The exact 

mechanistic synergy between chemistry of the conventional process and the physical and 

chemical effects induced by ultrasound and cavitation, which leads to faster and higher 

degradation of the pollutant, has not been established yet. Most of the literature in this area is 

focused on results rather than rationale. Identifications of the interlinks between 

physics/chemistry of ultrasound and cavitation and the chemistry of the conventional AOP is 

crucial for not only research in the degradation of pollutants with sono–hybrid AOPs, but also 

important from view point of optimization and scale–up of wastewater treatment processes 

employing these hybrid AOPs. Fulfillment of this knowledge gap has been the principal aim 

with which this thesis work was undertaken. 

 As a preamble to the thesis, we have given in the next section the description of basic 

chemical mechanism of the individual AOPs. In addition, we have also presented an 

extensive literature review on degradation of different pollutant with application hybrid AOP 

with combination of that individual AOP with sonolysis. 

 

1.2 CHEMICAL MECHANISMS AND LITERATURE REVIEW OF ADVANCED 

OXIDATION TECHNIQUES 

 All advanced oxidation techniques are essentially aimed at production of the •OH and 

other oxidizing radicals for oxidative degradation of bio–recalcitrant pollutants. The hydroxyl 

radical has the highest oxidation potential of 2.8 eV and can attack organic molecules with a 

whopping rate constant of 106–109 mole–1 s–1 (Andreozzi et al., 1999). The other oxidizing 

radicals produced during advanced oxidation processes are 2HO , O  and 2O . Molecular 
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species such as O3 and H2O2 produced from combination of these species also contribute to 

the oxidation and degradation of the pollutant. We describe below the basic chemistry of 

different advanced oxidation processes or the chemical mechanism through which different 

advanced oxidation processes lead to production of radicals. In the context of the theme of 

present thesis, we have also discussed coupling of these advanced oxidation processes with 

sonolysis and have given summary of literature employing such sono–hybrid advanced 

oxidation processes. 

 

1.2.1 Sonolysis 

 As noted earlier, sonolysis or ultrasound assisted degradation is based on production 

of through transient cavitation bubbles. The vapor and gas molecules present in the bubble at 

the moment of transient collapse are subjected to extreme conditions generated inside the 

bubble. At these conditions, these molecules undergo thermal dissociation to generate 

numerous chemical species – some of which are radical species. This phenomenon is related 

to the transport of vapor molecules across bubble interface. During expansion of cavitation 

bubble in radial motion, evaporation of solvent at the bubble interface causes diffusion of 

vapor molecules towards bubble core. In the subsequent compression phase, not all of these 

vapor molecules can diffuse back at the bubble interface and undergo condensation. The 

“entrapped” vapor molecules are subjected to extreme conditions at transient collapse. The 

exact physics of this phenomenon is explained in greater detail in the next chapter along with 

a mathematical model. Usually, sonolysis treatments are carried out in water as the liquid 

medium. The radicals generated in the bubble through thermal dissociation of water 

molecules can undergo numerous reactions as follows (Lin et al., 2008): 

   US
2H O  HO  + H       (1.1) 

   2HO  + H  H O        (1.2) 
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   22 HO  O  + H O       (1.3) 

   2 22 HO  H O        (1.4) 

If the cavitation bubble contains oxygen (as in case of air bubbles) or if the liquid medium 

has dissolved oxygen present in it, several other reactions may also occur leading to 

production of ozone and hydrogen peroxide as follows (Neppolian et al., 2002): 

   2O  2 O       (1.5) 

   2 3O  + O  O        (1.6) 

   2 2O + H  HO        (1.7) 

   2 2 2 22 HO  H O  + O       (1.8) 

The nitrogen present in air bubbles can also give rise to numerous reactions, which are listed 

below. Some of these reactions have adverse effect on the oxidative degradation process, as 

these lead to scavenging of the oxidizing radicals by nitrogen – leading to formation of less 

reactive radicals (Chakma and Moholkar, 2013b). 

   2N  + O  N  + NO       (1.9) 

   2 2N  + OH  N H + O       (1.10) 

   2 2N  + OH  N O + H       (1.11) 

   2N  + OH  NH + NO       (1.12) 

   2 2N + H  N H        (1.13) 

   2N + H  NH + N       (1.14) 

   N + OH  NO + H       (1.15) 

   2N O + O  2 NO       (1.16) 

   2NO + OH  NO       (1.17) 
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   2NH + OH  NH + O       (1.18) 

   2NH + O  H  + HNO       (1.19) 

   2HNO + O  NH + O       (1.20) 

   HNO + O  NO + OH       (1.21) 

   2HNO + OH  NO + H O      (1.22) 

   2N + O  NO + O      (1.23) 

   2 2NO + O  NO + O      (1.24) 

   2NH + O   HNO + O      (1.25) 

   2NH + O   NO + OH      (1.26) 

   2 2 2N + O   N O + O      (1.27) 

 

Other mechanisms of sonolysis: It should be noted that degradation of pollutant in sonolysis 

can also occur by two other mechanisms than oxidative reactions induced by radicals. If the 

pollutant has sufficiently high vapor pressure at ambient conditions, it can evaporate inside 

the bubble along with liquid medium. The molecules of pollutant can also get entrapped 

inside the bubble and undergo thermal dissociation. The bubble interface (which is essentially 

a gas–liquid boundary) has hydrophobic character. Therefore, pollutants with strong 

hydrophobic character – such as aromatic or poly-aromatic hydrocarbons, can effectively 

“partition” between bulk liquid and the bubble interface. Some of these can even adsorb on 

the bubble interface. As the bubble wall rapidly recedes during compression phase, some of 

these adsorbed molecules can get “squeezed” inside the bubble and undergo thermal 

dissociation. 

 Secondly, the degradation of pollutant can also occur through thermal dissociation at 
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the interface of the bubble. At the moment of transient collapse, the temperature inside the 

bubble reaches extreme. Although the collapse of the bubble is extremely rapid (occurring in 

few tens of nanoseconds), and thus, adiabatic, some finite heat transfer may occur across 

bubble interface. This causes heating up of the thin liquid layer at the bubble interface to 

moderate temperatures of ~ 500–600oC (Kotronarou et al., 1991). The pressure in this region 

may also rise due to rapid convergence of fluid elements. The pollutants molecules present in 

this region are subjected to these conditions. It could be possible that these molecules can 

undergo thermal dissociation and degradation.  

 

1.2.2 Fenton Process 

 Fenton process is one of the easiest and simplest techniques for generation •OH 

radical for oxidation process, without using any specific chemicals or expensive method. The 

basic advantage of Fenton process is that it does not require any specific reactor nor specific 

conditions for production of oxidizing radicals, as in case of sonolysis. It can produce OH 

radicals at ambient temperature and pressure with fast kinetics. In this process, H2O2 is 

activated by ferrous ion (Fe2+) known as Fenton’s reagent. The generation of •OH radical 

through Fenton reaction is shown below (Brillas et al., 2009; Bagal and Gogate, 2014b): 

   2+ 3+
2 2Fe  + H O  Fe + OH + HO     (1.28) 

   3+ 2+
2 2 2Fe + H O Fe + HO  + H      (1.29) 

   3+ 2+
2 2Fe + HO  Fe + O  + H      (1.30) 

 A noticeable advantage of the Fenton process is that it has no adverse impact on 

environment; moreover, H2O2 is easy to handle. The several studies have demonstrated that 

numerous organic pollutants numerous organic compounds, including textile dyes and 

pesticides (Pang and Abdulla, 2012, 2013; Iglesias et al., 2015; Bocos et al., 2015) can be 

efficiently treated by Fenton’s reagent. 
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 Over the last few years, the basic Fenton process has been modified by numerous 

investigations. The modified Fenton processes include: UV/Fenton, O3/Fenton, H2O2/FeOX 

and UV/Fe3+–oxalate/H2O2 process. In photo–assisted Fenton systems (or photo–Fenton 

process), the reaction mixture is subjected to exposed to UV lights (generally, UVC = 254 nm 

and UVA = 365 nm) to accelerate the degradation process (Katsumata et al., 2011; Giri and 

Golder, 2014; Chakma and Moholkar, 2014; Rodríguez-Chueca et al., 2014) by producing 

more •OH radicals. In photo–Fenton reaction, the iron species that make hydroxylated 

complex are further photo–reduced under UV light and produces extra •OH radicals in 

solution as shown below (Rodríguez et al., 2012; Monteagudo et al., 2013): 

   hv3+ 2+ 2+
2Fe + H O  FeOH  Fe + OH    (1.31) 

The iron–hydroxy complexes are able to absorb photons within broader wavelength of light 

(including visible range), which increases the energy efficiency of solar spectrum – as 

compared to convention UV–initiated photocatalysis. 

 Rodríguez et al. (2012) have observed in ozone (O3)/Fenton process that the rate of 

removal of recalcitrant organic pollutants increases with increasing O3 concentration. Higher 

ozone concentration not only leads to direct O3 induced oxidation reactions, but also 

enhanced production of radicals (•OH, 3O ) through following reactions (Rodríguez et al., 

2012; Ziylan and Ince, 2015): 

   2+ 2+
3 2Fe  + O  FeO  + O      (1.32a) 

   2+ 3+
3 3Fe + O  Fe  + O      (1.32b) 

   3+ 2+ +
3Fe  + O  FeO + OH + H OH      (1.33) 

   2+ 3+
2FeO  + H O  Fe + OH + OH      (1.34) 

The Fe2+ formed from the photolysis of Fe3+ (shown in reaction Eq. 31) reacts with O3 to 

yield FeO2+ that eventually gives hydroxyl radicals (•OH) and hydrogen peroxide (H2O2) in 
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the ionic form through reactions Eqs. 33 and 34. 

 The recent variants of the Fenton processes are sono–Fenton or sono–photo–Fenton 

(Segura et al., 2009). In last one decade, several studies have demonstrated that sono–Fenton 

and sono–photo–Fenton processes (Joseph et al., 2000; Neppolian et al., 2002; Ioan et al., 

2007; Lin et al., 2008; Melero et al., 2008; Segura et al., 2009; Katsumata et al., 2011; Zhong 

et al., 2011; Grčić et al., 2012; Zhao et al., 2012; Monteagudo et al., 2014a, 2014b) give 

effective degradation of various types of pollutants. The mechanistic synergism between 

Fenton, photo–Fenton and sonolysis leads to higher production of oxidizing species that lead 

to faster and higher degradation of pollutants. A summary of published literature for 

wastewater treatment using are presented in Table 1.1. 

 

1.2.3 Photo-Ferrioxalate System 

 In photo–ferrioaxalate process, ferrioxalate complexes ( 3
2 4 3[Fe(C O ) ]  ) are prepared 

by reacting of iron species and oxalate salts. This ferrioxalate complex has high 

photochemical activity near ultraviolet range (Arslan et al., 2000; Jeong and Yoon, 2004, 

2005; Liu et al., 2006; Huang et al., 2007; Katsumata et al., 2010; Monteagudo et al., 2008, 

2013), and can absorb the photons of solar spectrum up to the range of 450 nm (which is 

~18% of total energy) (Monteagudo et al., 2008). The ferrioxalate complex undergoes a 

series of photochemical reactions through Ligand to Metal Charge Transfer reaction (LMCT) 

mechanism as follows (Jeong and Yoon, 2004, Zhou et al., 2004; Vedrenne et al., 2012) 

leading to production of three major oxidant radical species, viz. •OH, 2HO  and 2O : 

    
4

3 2+ 2
2 4 3 2 2 4Fe(C O ) + Fe + 2 C O + C Ohv

     (35) 

    3 2+ 2
2 4 2 4 3 2 4 2C O + Fe(C O ) Fe + 3 C O + 2 CO

   (1.36) 

   2 4 2 2C O  CO + CO       (1.37) 
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   2 2 2 2CO + O CO  + O       (1.38) 

   2 4 2 2 2C O + O 2 CO + O      (1.39) 

   +
2 2O + H  HO        (1.40) 

   2 2 2 2 2HO  + HO H O  + O       (1.41) 

   2+ 3+
2 2H O + Fe  Fe + HO  + OH     (1.42) 

   3+ 2+ +
2 2 2Fe  + H O  Fe  + HO  + H    (1.43) 

It could be seen that reactions Eqs. 1.42 and 1.43 are essentially the Fenton and Fenton–like 

reactions. However, the difference is that the H2O2 required for these reactions is produced 

in–situ (although external addition of H2O2 is also possible).  

 In air–saturated solution at pH 2–4, the intermediate oxalate radicals react with 

molecular oxygen (O2) to generate superoxide radicals ( 2O ), which disproportionate to form 

H2O2 in subsequent reactions (Huang et al., 2007). The Fe2+ formed in the reactions (Eqs. 

1.35 and 1.36) can react with this in–situ generated H2O2 to generate hydroxyl radicals 

through Fenton reaction mechanism. Therefore, the photolysis of ferrioxalate in the presence 

of O2 is a continuous source of •OH radical production via Fenton and Fenton–like reactions. 

 To enhance the production of •OH radicals, photolysis of ferrioxalate complexes is 

carried out in presence of heterogeneous photocatalysts such as TiO2 (Safarzadeh–Amiri et 

al., 1996) and hydrogen peroxide (Dong et al., 2007; Azami et al., 2012; Vedrenne et al., 

2012; Fadzil et al., 2012). Ferrioxalate process is basically a Fenton–like reaction, and hence, 

the pH of the reaction medium plays an important role. The optimum pH for ferrioxalate has 

been found to be in the range of 2–4 (Arslan et al., 2000; Jeong and Yoon, 2004; Dong et al., 

2007; Monteagudo et al., 2009; Rodríguez et al., 2011; Azami et al., 2012; Zhou et al., 2013). 

Another important parameter affecting efficiency of ferrioxalate process is the molar ratio of 

iron to oxalate. The optimum value of this parameter is reported to be 1:3 (Hatchard and 
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Parker, 1956; Arslan et al., 2000; Selvam et al., 2007). 

 Safarzadeh–Amiri et al. (1996) and Selvam et al. (2007) have applied ferrioxalate and 

photocatalysis processes simultaneously in the presence of solar light and UV (365 nm) light 

irradiation to degrade organic contaminants, viz. benzene, toluene, and xylene, and reactive 

orange 4; respectively. In the study by Safarzadeh–Amiri et al. (1996), it was revealed that 

ferrioxalate process yielded far higher (~25 times) mineralization than sunlight/TiO2/H2O2 

process. The intermediate of carbon dioxide radical anion ( 2CO ) plays dual role in photo–

ferrioxalate process. Jeong and Yoon (2004) have demonstrated the role of this species in 

degradation of 2,4–dichlorophenoxyacetic acid (2,4–D). At high concentration of ferrioxalate 

complex, CO2
•– reacts with complex to reduce Fe3+ to Fe2+. At low concentration, 2CO  

essentially contributes to in–situ formation of H2O2, as a result of its reaction with oxygen, 

which triggers the Fenton reactions. The dual activity of 2CO  is shown in reaction schemes 

below. 

 
(A) 

 
(B) 

Figure 1.1: Dual reaction scheme of 2CO in photo–ferrioxalate system: (A) reaction mechanism at 

high concentration of iron (Fe3+), and (B) reaction mechanism at low concentration of iron (Fe3+). 

(Adopted from Jeong and Yoon, 2004) 

 

A summary of published literature on hybrid photo–ferrioxalate process is given in Table 1.2. 
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Table 1.1: Summary of literature on sono-Fenton and sono-photo-Fenton process for wastewater treatment 

 

Hybrid-AOP Pollutants Process parameters Results/ Max. degradation (%) Reference 

US/Fenton Bisphenol-A (BPA) f = 40 kHz, P = 100 W, BPA = 20 

mg/L; Fe3O4 = 585 mg/L; H2O2 = 160 

mM; pH = 3, 7 & 9; T = 35oC; t = 480 

min 

100% (1.39×10–4 s–1) at pH 3 

98.1% (1.33×10–4 s–1) at pH 7 

95.1% (9.4×10–5 s–1) at pH 9 

Huang et al. 

(2012) 

US/Fenton 
(heterogeneous) 

Sulfamethazine 

(SMZ) 

f = 20 kHz (horn), P = 330W, SMZ = 

25 mg/L, goethite = 0.5 g/L, Ox = 0.8 

mM, UV = 1  9W (365 nm), pH = 3, 

T = 20oC, t = 60 min, Air = 1 L/min 

60% (2.2 ×10-2 min-1) TOC removal Zhou et al. 

(2013) 

US/Fenton Acid Red B (ARB) 

Methylene blue (MB) 

f = 40 kHz (bath), P = 200 W, ARB = 

0.02 mM; MB = 0.032 mM; H2O2 = 

600 mg/L; Fe2+ = 0.18 mM; pH = 2; T 

= 25oC; t = 60 min 

Decolorization was faster and higher in 

non azo dyes. Maximum obtained 

decolorization was 91.8% (0.25 min-1) 

for ARB and 100% (0.31 min-1) for 

MB 

Chakma and 

Moholkar 

(2013a) 

US/ UV/ Fenton Antipyrine (ANP) f = 24 kHz (horn), P = 200 W, ANP = 

50 mg/L, H2O2 = 1500 mg/L, Fe2+ = 

12 mg/L, UV = 1  150 W (190-280 

nm), pH = 2.7, T = 30oC, t = 50 min 

92% TOC was removed in sono-photo-

Fenton 

Duran et al. 

(2013a) 
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Table 1.1 (continued…): Summary of literature on sono-Fenton (US/Fenton) and sono-photo-Fenton (US/UV/Fenton) process for wastewater 

treatment 

Hybrid-AOP Pollutants Process parameters Results/ Max. degradation (%) Reference 

US/Fenton 
US/UV/Fenton 

Paracetamol (PCM) f = 213 kHz (horn), P = 13.8 W, PCM 

= 0.09 mM, Fe3+= 0.05 mM, UV = 1  

450 W (≥ 320 nm), pH = 2.7, T = 

25oC, t = 3 h 

TOC removal were: >10% (26.1 × 10-7 

M min-1) in sono-Fenton and ~85% 

(46.7 × 10-7 M min-1) in sono-photo-

Fenton 

Madhavan et 

al. (2013) 

US/UV/Fenton Reactive Blue 4 

(RB4) 

f = 24 kHz (horn), P = 200 W, RB4 = 

30 mg/L (TOC), H2O2 = 500 mg/L, 

Fe2+ = 5 mg/L, UV = 1  15 W (254 

nm), pH = 3, T = 30oC, t = 60 min 

94% (0.0469 min-1) TOC removal was 

achieved  

Monteagudo et 

al. (2014b) 

US/Fenton Dichlorvos (DCV) f = 36 kHz (horn), P = 150 W, DCV  = 
20 mg/L, H2O2 = 40 mg/L, Fe2+ = 40 
mg/L, pH = 3, T = room, t = 75 min 

81.19% degradation Patil and 
Gogate (2014) 

US/Fenton 
US/UV/Fenton 

Bisphenol-A (BPA) f = 40 kHz (bath), P = 200 W, BPA = 
10 mg/L (0.043 mM); H2O2 = 7.85 
mM; Fe2+ = 0.36 mM; UV = 1  160 
W (365 nm), pH = 2; T = 25oC; t = 60 
min 

Sono-Fenton showed the highest 
degradation of 99% (9.22×10–3 s-1), 
while use of UVA lamp causes the 
degradation rate in Sono–photo-Fenton 
of 86.5% (2.6×10–3 s-1) 

Chakma and 
Moholkar 
(2014) 
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Table 1.2: Summary of literature on wastewater treatment using hybrid ferrioxalate system 

 

Hybrid-AOP Pollutants Process parameters Results/ Max. degradation (%) Reference 

US/UV/FeOX Reactive Black 5 

(RB5) 

f = 20 kHz (horn type), P = 300W, UV 

source = 1  9 W (365 nm), RB5 = 20 

mg/L, Fe3+ = 0.5 mM, Ox = 1 mM, pH 

= 3, T = 20oC, t = 60 min, Air = 1 

L/min 

~100% (3.62×10-2 min-1) degradation 

and ~ 65% TOC removal in 

US/UV/Fe(III)-Ox 

Zhou et al. 

(2011) 

US/UV/FeOX Sulfamethazine 

(SMZ) 

f = 20 kHz (horn), P = 330W, SMZ = 

25 mg/L, goethite = 0.5 g/L, Fe3+ = 

250 µM, Ox = 0.8 mM, UV = 1  9 W 

(365 nm), pH = 3, T = 20oC, t = 60 

min, Air = 1 L/min 

64.4% (2.7 ×10-2 min-1) TOC removal Zhou et al. 

(2013) 

Fenton/UV/FeOX Methyl Orange (MO) MO = 20 mg/L, Fe3+ = 2 mg/L, Ox = 6 

mg/L, H2O2 = 5 mM, UV = 1  13W 

(100 – 280 nm), pH = 6, t = 90 min 

67% decolorization achieved after 90 

min 

Fadzil et al., 

(2012) 

Fenton/UV/FeOX Methyl Orange (MO) MO = 0.025 mM, Fe2+ = 0.3 mM, Ox 

= 6.5 mM, H2O2 = 11 mM, UV = ND, 

pH = 3.5, t = 65 min 

92 – 100% color was removed after 65 

min of treatment 

Azami et al. 

(2012) 
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Table 1.2 (continued…): Summary of literature on wastewater treatment using hybrid ferrioxalate system 

Hybrid-AOP Pollutants Process parameters Results/ Max. degradation (%) Reference 

Fenton/UV/FeOX Indigo dye (ID) ID = 33.33 mg/L, Fe2+ = 1.87 mM, Ox 

= 65.45 mM, H2O2 = 1280 mg/L, UV 

= 290 nm, pH = 5-6, t = 180 min 

73% (0.013 min-1) TOC removal was 

obtained after 180 min of treatment 

Vedrenne et al. 

(2012) 

US/UV/FeOX Ferinitrothion (FT) Fe3+= 0.5 mM, Ox = 5 mM, FT= 10 

mg/L, pH= 6, T = 25oC 

Complete degradation was achieved in 

ultrasound-assisted FeOX process 

Katsumata et 

al. (2010) 

UVA/TiO2/FeOX Bisphenol-A BPA = 0.01 mM, Ox = 0.2 mM, H2O2 

= 0.5 mM, T = 27oC, pH = 3, t = 90 

min, UV = 1  15 W (365 nm) 

80% reduction was seen in hybrid 

process 

Rodríguez et 

al. (2011) 

O3/FeOX/UVA Testosterone (TST) 

Bisphenol A (BPA) 

Acetaminophen 

(AAP) 

TST = BPA = AAP =0.01 mM, O3 = 

0.25mM; TiO2 = 0.1 g/L; Fe3+ = 0.05 

mM, H2O2 = 5x10–4 M; Ox = 0.4 mM; 

citric acid = 0.4 mM; T = 22–25oC 

~ 80% TOC removal was seen after 

120 min of treatment 

Rodríguez et 

al. (2012) 

Fenton/FeOX Orange II (OR) OR = 20 mg/L; Fe2+ = 2 mg/L; Ox = 

60 mg/L; Accumulated solar energy = 

80 Wh; H2O2 flow rate = 0.5 mL/min; 

pH = 3; T = 24oC; air flow rate = 1.3 

m3/h 

100% decoloration was achieved using 

hybrid process. TOC removal was 95% 

with continuous addition of H2O2 

whereas TOC removal was 80% when 

H2O2 was added at the beginning 

Monteagudo et 

al. (2009) 

Ox - oxalate, FeOX – ferrioxalate, sono-FeOX – sono-ferrioxalate process (US/Fe3+-Ox/UV) 
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1.2.4 Photolysis (US/H2O2/UV) Process 

 In photolysis of H2O2 (UV/H2O2 system), a molecule of H2O2 is decomposed under 

ultraviolet light leading to production of two •OH radicals. As the molar extinction coefficient 

of H2O2 under UVA light (365 nm) is very low, photolysis of H2O2 needs to be carried out in 

UVC light (254 nm). Under UVC light, hydrogen peroxide decomposes to generate •OH 

radicals as shown below: 

    (254 nm)
2 2H O 2 OHhv       (1.44) 

 The concentration of hydrogen peroxide is crucial parameter in photolysis of 

hydrogen peroxide process. Higher concentration of hydrogen peroxide may result in 

scavenging of the •OH radicals before their reaction with organic pollutants. The reactions 

leading to scavenging are shown below (Mishra and Gogate, 2011; Chakma and Moholkar, 

2015b). 

   2 2 2 2OH + H O  H O + HO      (1.45) 

   2 2 2 2H + H O  HO  + H       (1.46) 

   2 2 2HO + OH  O + H O        (1.47) 

 Conventional photolysis process can also be combined with ultrasound for more 

effective degradation and mineralization of bio–recalcitrant pollutants. Hydrogen peroxide 

can also get decomposed under sonication resulting in production of •OH radicals. Sonolysis 

of water hydrogen peroxide can also generate H2O2 in–situ through recombination of the •OH 

radicals generated from thermal dissociation of water inside the cavitation bubble at transient 

collapse. This in–situ generated H2O2 can undergo photo–decomposition under UVC light to 

generate additional •OH radicals. Presence of dissolved oxygen in liquid medium can also 

trigger additional chemical reactions leading to formation of 2HO  and •O radicals. The 

possible reactions in sono–photolysis process are shown below: 
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   US
2H O OH + H       (1.48) 

   2 2OH + OH  H O        (1.49) 

   2 2OH + O  HO + O        (1.50) 

 pH of the solution is an important parameter affecting chemistry sono–photolysis. At 

low pH, H2O2 reacts with proton to generate oxonium ion ( +
3 2H O ) (Daud et al. 2012): 

2 2 3 2H O H H O   ; while at high pH (> pKa), it undergoes dissociation to generate H+ 

and 2HO  species (Chang et al., 2010): +
2 2 2H O   H  + HO . However, the influence of pH 

in photolysis process is not much significant and it has been found the optimum pH for 

photolysis or sono–photolysis reactions is to be neutral (pH = 7). Table 1.3 presents the 

summary of literature on degradation of variety of pollutants employing sono–photolysis. 

 

1.2.5 Persulfate Oxidation Process 

 Persulfate based oxidation systems for degradation of recalcitrant pollutants have 

been investigated by many researchers. Metal persulfates generate sulfate radicals that can 

effectively degrade a large variety of organic pollutants. Activation of persulfate anion gives 

rise to sulfate radical. The conventional activation methods for persulfate anion ( 2
2 8S O  ) are 

UVC (254 nm) activation, Fe2+ activation and thermal activation, described by reactions 

below (Monteagudo et al., 2015; Wang et al., 2015): 

   UVC2
2 8 4S O 2 SO        (1.51) 

   Heat2
2 8 4S O 2 SO        (1.52) 

   2 2+ 3+ 2
2 8 4 4S O + Fe  Fe + SO + SO      (1.53) 

 The new activation method of persulfate is through sonolysis. In sonolysis, the 

activation persulfate anion can occur in the interfacial region of cavitation bubble, which gets 
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heated to moderate temperatures during transient collapse. The H• and •OH radicals produced 

during transient cavitation can also activate the persulfate anion. The relevant activation 

reactions are given below (Wang et al., 2015, Roshani and vel Leitner, 2011; Kusic et al., 

2011): 

   US2
2 8 4S O 2 SO        (1.54) 

   US
2H O OH + H       (1.55) 

   2 + 2
2 8 4 4S O + H  SO + H + SO        (1.56) 

   2
2 8 4 4 2S O  + OH  SO + HSO  + 0.5O       (1.57) 

Some other reactions that can occur in the persulfate reaction system are as follows: 

   + 2
2 4 4H O + SO  H + SO + OH       (1.58) 

   2
2 8 2 8S O  + OH  OH + S O        (1.59) 

   2 2
2 8 4 4 2 8S O + SO  SO + S O        (1.60) 

   2
4 4 2 8SO + SO  S O        (1.61) 

   2+ 3+ 2
4 4Fe  + SO Fe  + SO      (1.62) 

The last two reactions (either recombination of the sulfate radicals or scavenging of the 

sulfate radicals by Fe2+ ions) result in loss of oxidation potential. Table 1.4 presents summary 

of previous studies in degradation of different pollutants with persulfate based oxidation 

system. 
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Table 1.3: Summary of published literature on sono-photolysis (US/UV/H2O2) process for wastewater treatment 

 

Hybrid-AOP Pollutants Process parameters Results/ Max. degradation (%) Reference 

US/UV/H2O2 Phthalate acid esters 

(PAEs) 

f = 400 kHz (bath), PAEs. = 0.01 mM 

(mix. of DMP, DEP, DBP, MMP), 

H2O2 = in-situ generated, UV sources 

= 6 nos (254 nm), pH = 6.5, T = 28oC, 

t = 90 min 

Degradation: ~82% for MMP (0.0238 

min-1) and ~100% for DMP (0.0293 

min-1, DEP (0.0387 min-1) & DBP 

(0.0712 min-1).  

TOC removal of PAEs was 17% 

Xu et al. (2015) 

US/UV/H2O2 Synthetic 

pharmaceutical 

wastewater (SPWW) 

f = 20 kHz (bath), P = 140W, TOC = 

12 mg/L, H2O2 = 1200 mg/L, UV 

sources = 1  13W (254 nm), pH = 

3.9, T = ND, t = 120 min, Air = 2 

L/min 

Max. TOC removal was 98% Ghafoori et al. 

(2015) 

US/UV/H2O2 Atrazine (ATZ) f = 20 (P = 375W) and 400 kHz (P = 

120W) (bath), ATZ = 0.02 mM, H2O2 

= 5.0  10-4 mM/min (in-situ), UV 

sources = 1 nos (254 nm), pH = 6.5, T 

= 28oC, t = 60 min 

~100% degradation was achieved with 

60% of TOC removal 

Xu et al. (2014) 
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Table 1.3 (continued…): Summary of published literature on sono-photolysis (US/UV/H2O2) process for wastewater treatment 

 

Hybrid-AOP Pollutants Process parameters Results/ Max. degradation (%) Reference 

US/UV/H2O2 Synthetic 

pharmaceutical 

wastewater (SPWW) 

f = 20 kHz (horn type), P = 140W, 

Composition of SPWW (mg/L) = 

4AMP (6.25), PCM (2.5), Ph (12.5), 

CLP (7.5), BA (6.25), SA (28.75), 

DCF (0.5), NB (7.5), H2O2 = 1750 

mg/L, UV sources = 1  13 W (254 

nm), pH = 2, T = 33.1oC, t = 90 min, 

Air = 3 L/min 

90% TOC after 180 min Mowla et al. 

(2014) 

US/UV/H2O2 Trihalomethanes 

(THMs) 

f = 500 kHz (PZT transducer), P = 

52.55 W, THMs = 10 mg/L, in-situ 

generated H2O2, UV sources = 4  

10.5 W (254 nm), pH = 4.5, T = 25oC, 

t = 60 min 

100% degradation and 50% TOC were 

achieved at optimum conditions 

Park et al. 

(2014) 

US/UV/H2O2 Pharmaceutical 

wastewater (PW) 

f = 24 kHz (horn), P = 200W, PW = 

125 mg/L (TOC), H2O2 = 6500 mg/L, 

UV sources = 1  150 W (190-280 

nm), pH = 7, T = 30oC, t = 120 min 

100% TOC reduction was achieved Monteagudo et 

al. (2014a) 
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Table 1.3 (continued…): Summary of published literature on sono-photolysis (US/UV/H2O2) process for wastewater treatment 

 
Hybrid-AOP Pollutants Process parameters Results/ Max. degradation (%) Reference 

US/UV/H2O2 Food industry 

wastewater 

f = 24 kHz (horn type), P = 200W, 

H2O2 = 11750 ppm, UV sources = 1  

150 W (190-280 nm), pH = 8, T = 

30oC, t = 180 min 

TOC removal 60% after 60 min and 

98% after 180 min 

Duran et al. 

(2013b) 

US/UV/H2O2 Dimethyl phthalate 

(DMP) 

f = 400 kHz (bath), P = 120W, DMP = 

0.05 mM, H2O2 = 9.75  10-4 mM/min 

(in-situ), UV sources = 6nos (254 nm), 

pH = 6.5, T = 28oC, t = 120 min 

~100% degradation  Xu et al. (2013) 

US alone 

UV alone 

US/UV/H2O2 

Diethyl phthalate 

(DEP) 

f = 283 kHz (horn type), DEP = 45 

M, H2O2 = 0.32 M/min (in-situ), 

UV sources = 4  10 W (254 nm, 

UVC) or {(2  10 W, 254 nm, UVC) 

+ (2  10 W, 185 nm, VUV)(185 nm 

+ 254 nm)}, pH = 6.2-6.7, T = 15-

18oC, t = 120 min 

~92% (1.7 × 10-2 min-1) degradation in 

US/UVC and ~90% (1.7 × 10-1 min-1) 

in US/UVC/VUV. 

TOC removal: ~30% in US/UVC and 

~90% in US/UVC/VUV. 

Positive synergy in sono-photolysis 

with UVC (SF=1.68) and UVC/VUV 

(SF=1.23) 

Na et al. 

(2012a) 
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Table 1.3 (continued…): Summary of published literature on sono-photolysis (US/UV/H2O2) process for wastewater treatment 

Hybrid-AOP Pollutants Process parameters Results/ Max. Degradation (%) Reference 

     

US/UV/H2O2 Diethyl phthalate 

(DEP) 

f = 283 kHz (bath), DEP = 45 M, 

H2O2 = 0.32 M/min (in-situ), TiO2 = 

450 mg/L, UV sources = 4  10.5 W 

(254 nm), pH = 6.2, T = 15-18oC, t = 

120 min 

Sonophotolysis: ~85% (1.56  10-2 

min-1) degradation with synergy effect 

1.95. Sonophotocatalysis: ~100% (9:2 

10-2 min-1) degradation with synergy 

effect 1.29. TOC removal: ~18% in 

sonophotolysis and ~60% in sono-

photocatalysis 

Na et al. 

(2012b) 

US alone 

UV alone 

US/UV/H2O2 

(in-situ generated) 

2,4,6-trichlorophenol 

(TCP) 

f = 20 kHz (horn type), P = 750W, UV 

source = 1  8 W (365 nm), TCP = 50 

mg/L, in-situ generated H2O2, pH = 

ND, T = 10 – 50oC, t = 300 min 

Positive synergistic effect was seen 

between 10-30oC and an antagonistic 

effect between 40-50oC 

Degradation: ~76% (7.99  10-5 s-1) in 

(US+UV), ~72% (6.5210-5 s-1) with 

UV only, and ~68% (6.6610-5 s-1) 

with US alone 

Joseph et al. 

(2011) 

4AMP - 4-aminophenol, PCM - paracetamol, Ph - phenol, CLP - chloramphenicol, BA - benzoic acid, SA - salicylic acid, DCF - diclofenac sodium, NB – 
nitrobenzene, ND – not defined/ not determined, SF – synergy factor, SP – sono-photolysis, THMs = CF - chloroform, DCBM - dichlorobromomethane, 
CDBMM - chlorodibromomethane, BF – bromoform, PAEs = dimethyl phthalate (DMP), diethyl phtha-late (DEP), di-n-butyl phthalate (DBP) and 
monomethyl phthalate (MMP) 
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Table 1.4: Summary of published literature on sono-persulfate system for wastewater treatment 

 

Hybrid-AOP Pollutants Process parameters Results/ Max. Degradation (%) Reference 

US/PS 

US/EL/PS 

Aniline (AN) f = 160 kHz (PZT), P = 320 W, AN = 

75 mg/L, PS = 2.5 wt% (1.88 mg/L), 

EP = 6 V, pH = 3, T = 45oC, t = 7 h, 

N2 = 150 mL/min 

TOC removal was ~25% in sono-

persulfate process and ~92% in 

sonoelectro-persulfate. N2 gas flow 

helps the TOC removal in sonoelectro-

persulfate process nearly 100% 

Chen and 

Huang (2015) 

US/PS Phenanthrene (PhN) f = 20 kHz (bath), P = 90 W, PhN = 

65, 390 and 816 mg/kg soil, PS = 0-

100 g/L, [Fe(III)–EDTA] = 150 mg 

Fe/L, NaOH = 2M, pH = 5.8, T = 

20oC, t = 30 min 

100% degradation in 30 min of 

treatment in all concentration of PhN 

Deng et al. 

(2015) 

US/PS Humic acid (HA) f = 40 kHz (bath), P = 200 W, HA = 

30 mg/L, PS = 100 mM, pH = 3, T = 

40oC, t = 120 min 

90% humic acid was removed in 2 h of 

treatment using US/PS 

Wang et al. 

(2015) 

US/PS Ammonium 

perfluorooctanoate 

(APFO) 

f = 20 kHz (bath), P = 300 W, APFO = 

46.4 mol/L, PS = 10 mM, pH = 6, T 

= 25oC, t = 120 min 

51.2% APFO was removed after 120 

min of treatment in presence of 20 kHz 

ultrasound frequency  

Hao et al. 

(2014) 
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Table 1.4 (continued…): Summary of published literature on sono-persulfate system for wastewater treatment 

 

Method Pollutants Process parameters Results/ Max. Degradation (%) Reference 

US/PS 

US/Fe0/PS 

Acid Orange 7 (AO7) f = 20 kHz (bath), P = 60 W, AO7 = 

30 mg/L, PS = 300 mg/L, Fe0 = 500 

mg/L, pH = 5.8, T = 22oC, t = 60 min 

Maximum decolorization was achieved 

10% in US/PS and 96.4% in US/Fe0/PS 

Wang et al. 

(2014) 

US/PS 

US/Fe0/PS 

Sulfadiazine (SD) f = 20 kHz (bath), P = 40 W, SD = 20 

mg/L, PS = 1.84 mM, Fe0 = 0.92 mM, 

pH = 3-7, T = 25oC, t = 60 min 

Degradation of SD was13.7% in US/PS 

and 95.7-98.4% in US/Fe0/PS in the 

pH range of 3-7 

Zou et al. 

(2014) 

US/PS/H2O2/Fe Pharmaceutical 

effluent 

f = 30 kHz (bath), COD = 10667 

mg/L, PS = 5 g/L, H2O2 = 5 g/L, iron 

= 4 g/L, pH = 3, T = 30-50oC, t = 30 

min 

100% COD removal was achieved after 

30 min of treatment, degradation 

increases with in temperature 

Nachiappan 

and 

Muthukumar 

(2013) 

US/PS NFDOHA 

Perfluoroalkylether 

sulfonates (PFS) 

f = 28 kHz (bath), P = 200W, 

NFDOHA  50 M, PS = 10 mM, pH 

= ND, T = 28oC, t = 24 h 

55.7% NFDOHA was decomposed 

after 24 h 

Hori et al. 

(2012) 

EP – electrode potential, US – ultrasound, PS – persulfate, NFDOHA - Perfluoroether carboxylic acids (CF3OC2F4OCF2COOH, 
CF3OC2F4OC2F4OCF2COOH, CF3OC3F6COOH, C2F5OC2F4OCF2COOH, C4F9OC2F4OC2F4OCF2COOH) 
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1.2.6 H2O2 – Peroxidase System (Enzymatic process) 

 Enzymatic treatments have been widely applied in effective in decolorization of 

textiles dyes by either precipitation or transformation into other harmless products. 

Peroxidase enzymes, e.g. such as lignin peroxidase, manganese peroxidase, laccases and 

horseradish peroxidase have been mostly applied in these treatments. A distinct merit of 

enzymatic treatment is extremely selective and efficient action of enzyme, as compared to the 

other conventional techniques. A widely used peroxidase is the horseradish peroxidase 

(donor: hydrogen peroxide oxidoreductase, EC 1.11.1.7 HRP), which is quite versatile with 

potential applications in chemical, environmental, pharmaceutical and biotechnology 

industries. Peroxidases have been found ubiquitously in nature – in plants, microorganisms 

and animals. These enzymes catalyze oxidation of a variety of the substrates, utilizing H2O2 

as an electron acceptor. Peroxidases contain a heme cofactor in their active sites, or redox–

active cysteine or selenocysteine residues. Oxidation of the aromatic substrates by 

Horseradish peroxidase (HRP) is initiated by their binding to the exposed heme edge site. 

The nature of the electron donor is dependent on the structure of the enzyme. Horseradish 

peroxidase isoenzyme C (HRP C) contains a single polypeptide of 308 amino acid residues. 

The general chemistry of Horseradish peroxidase (and also other isoenzymes) catalyzed 

reactions is given as follows (Veitch, 2004; Patidar et al., 2012): 

   HRP C
2 2 2 2H O  + 2 AH 2 H O + 2 AH    (1.63) 

 AH2 and AH• represent a reducing substrate and its radical product, respectively. 

Typical substrates for enzymatic oxidation are aromatic phenols, phenolic acids, indoles, 

amines and sulfonates. Enzymatic treatment processes have also been widely used for 

degumming (Mahmoodi et al., 2010), unhairing in leather industries (Jian et al., 2010) and 

degradation of many recalcitrant organic compounds (Entezari and Petrier, 2003, 2004, 2005, 

2006; Tauber et al., 2008). Hydrogen peroxide may also be added during enzymatic treatment 
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process, which acts as a co–substrate to activate the enzymatic action. It contributes in the 

catalytic cycle of enzyme as shown in the Fig. 1.2 to oxidize the native enzyme to form 

enzyme intermediate (two–electron oxidation state of the enzyme, E1 and E2), which accepts 

the aromatic compound to carry out its oxidation to a free radical form (Mester and Tien, 

2000): 

   2 2 1 2E + H O E  + H O      (1.64) 

   1 2E  + RH  E + R      (1.65) 

   2 2E + RH E + R  + H O     (1.66) 

Here, RH is a reducing substrate, R• is the reducing substrate after one electron oxidation. 

The catalytic activity cycle of horse radish peroxidase (HRP) enzyme with ferulate as 

reducing substrate is shown in Fig. 1.2 (Veitch, 2004). 

 

 

Figure 1.2: The catalytic cycle of horseradish peroxidase enzyme during the reaction with ferulate as 

reducing substrate. (Adopted from Veitch, 2004) 

 

 More recently, several authors have combined the enzymatic treatment with 

sonication, known as sono–enzymatic technique, for degradation of organic pollutants (Sutar 
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and Rathod, 2015; Malani et al., 2013, 2014; Entezari and Petrier, 2003, 2005). Focus of this 

hybrid treatment is on treatment of wastewater discharge from textile industries comprising 

textile dyes and highly hydrophobic polycyclic aromatic hydrocarbons (PAHs). The sono–

enzymatic techniques have been found to give efficient decolorization as well as 

mineralization of the variety of organic pollutants. The important process parameters over 

which the performance of sono–enzymatic process depends are pH and temperature of the 

solution and concentration of H2O2 added to the dye solution. The optimum values of these 

factors are highly specific to type of the pollutant and the enzyme involved in the treatment 

(Entezari and Petrier, 2003, 2004, 2005, 2006; Malani et al., 2012; Mahmoodi et al., 2010; 

Jian et al., 2010; Tauber et al., 2008). Despite this specificity, the most common values of 

these parameters used during treatments are pH = 7 and temperature = 35oC. Most of the 

peroxidase enzymes have high activity at these conditions. A summary of the literature on 

sono–enzymatic degradation of various organic pollutants is given in Table 1.5. 
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Table 1.5: Summary of sono–enzymatic process for treatment of wastewater 

Method Pollutants Process parameters Results/ Max. degradation (%) Reference 

Sono-enzymatic Cetirizine 

dihydrochloride (CZ) 

f = 25 kHz (bath), P = 100 W, CZ = 5 

mg/L, H2O2 = ND, Laccase = 0.02% 

(w/v),  pH = 6, T = 50 oC, t = 7 h, 

Stirring = 200 rpm 

Maximum CZ degradation of 91% was 

obtained with ultrasound duty cycle of 

50% with simultaneous agitation at 200 

rpm 

Sutar and 

Rathod (2015) 

Sono-enzymatic Acid red B (ARB) f = 35 kHz (bath), P = 35W, ARB = 20 

mg/L, H2O2 (30%) = 200 L, HRP = 

300 L (2 U/mL), pH = 7 (10 mM), T 

= 15-30oC, t = 60 min, Po = 1 and 2 

bar 

Degradation of ARB was studied at 

different temperatures and pressures. 

Higher pressure eliminates cavitation 

resulting in lower degradation. The 

maximum degradation was 51-52% at 

atmospheric pressure at 25-30oC 

Malani et al. 

(2014) 

Sono-enzymatic Acid red B (ARB) f = 35 kHz (bath), P = 35 W, ARB = 

20 mg/L, H2O2 (30%) = 500 L, HRP 

= 300 L (2 U/mL), pH = 7 (10 mM), 

T = 25oC, t = 60 min, PEG (380-420 

g/mol) = 26.8 L 

Optimization and degradation was 

studied with free and immobilized HRP 

enzyme. Optimum conditions were pH 

6.5 & 25oC for immobilized HRP and 

pH 7 & 20-25oC for free HRP. Max. 

degradation of 61.2% with immobilized 

and 49.4% with free HRP enzyme was 

achieved in presence of PEG 

Malani et al. 

(2013) 
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Table 1.5 (continued…): Summary of sono–enzymatic process for treatment of wastewater 

Method Pollutants Process parameters Results/ Max. degradation (%) Reference 

Sono-enzymatic Malachite green 

(MG) and Acid red B 

(ARB) 

f = 35 kHz (bath), P = 35 W, MG or 

ARB = 12 and 25 mg/L, H2O2 (30%) 

= 200 L, HRP = 300 L (2 U/mL), 

pH = 6, T = 20oC, t = 60 min, PEG = 

0.01 g/g dye 

Max. degradation was seen at 2 bar 

pressure (55.56% (0.00619 min-1) for 

12 mg/L and 59.64% (0.00521 min-1) 

for 25 mg/L of MG; and (67.14% 

(0.0192 min-1) for 12 mg/L, 65.41% 

(0.0196 min-1) for 25 mg/L of ARB 

Patidar et al. 

(2012) 

Sono-enzymatic Cholesterol (CHL) in 

egg yolk 

f = ND, P = 200 W (probe), Egg yolk 

= 10-50 g, CHLO= 0.6 U/g egg yolk, 

pH = 7, T = 37oC, t = 15 min 

Optimum conditions were found to be 

30g egg yolk, CHLO conc. of 0.6 U/g 

egg yolk, ultrasonication time of 15 

min (20% amplitude) and incubation 

time of 10 h. At this conditions 91.68% 

yolk cholesterol was degraded  

Sun et al. 

(2011) 

Sono-enzymatic Sericin removal from 

textile fibers 

f = ND, P = 125 W, Alcalase or 

Savinase = 0.5-1 g/L, pH = 8-9, T = 

55-60oC, t = 15 min 

Degradation of sericin (or degumming 

of textile fibers) was investigated. 

Ultrasound enhanced the removal of 

sericin (21.02%.) by improving the 

properties of silk yarn such as strength 

and elongation 

Mahmoodi et 

al. (2010) 
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Table 1.5 (continued…): Summary of sono–enzymatic process for treatment of wastewater 

 

Method Pollutants Process parameters Results/ Max. Degradation (%) Reference 

Sono-enzymatic Unhairing of pigskins f = 20 and 40 kHz; P = ND; Neutral 

Protease (NP) = 400 U/ml; Alkali 

Protease (AP) = 400 U/mL; Amylase 

(AM) = 40 U/mL; pH = 7.8 (NP), 9.5 

(AP) and 6.5 (AM); T =32oC, t = 8 h 

Ultrasound enhances unhairing process 

by increasing the diffusion of enzymes 

through skins. Under the application of 

20 kHz frequency ultrasound, amylase 

helps to release 5000 g/mL protein 

and > 300 g/mL saccharides, while 

protease helps to released > 9000 

g/mL protein and >400 g/mL 

saccharides in the same conditions 

Jian et al. 

(2010) 

Sono-enzymatic Acid Orange 5 

Acid Orange 52 

Direct Blue 71 

Reactive Black 5 

Reactive Orange 16 

Reactive Orange 107 

f = 850 kHz, P = 90 W, Dye conc. = 

100 M, Laccase = 5 nkat/mL, pH = 

4.5, T = 30oC 

Depending on the dye's structure, the 

decolorization process takes different 

time. However, almost complete 

decolorization was achieved after 24 h 

of treatment with enzyme followed by 

18-25 h of sonochemical treatment 

Tauber et al. 

(2008) 
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Table 1.5 (continued…): Summary of sono–enzymatic process for treatment of wastewater 

 

Method Pollutants Process parameters Results/ Max. degradation (%) Reference 

Sono-enzymatic Azo dyes 

(2,7-dihydroxy-1-

phenylazo 

naphthaline-3,6-

disulfonic acid) 

f = 850 kHz, P = 61 W, Dye conc. = 

200 M, ENZ (Azoreductase or 

Laccase) = ND, pH = 6.5, T = 20oC, t 

= 6 h 

Degradation of azo dyes and -H, -F, -

Cl, -Br, -CF3, -NO2 and -CH3 

substituted azo dyes in ortho-, meta- 

and para-position were investigated. 

Ultrasonic treatment of o-, m-, and p- 

substituted azo compounds showed 1.5-

50 times higher degradation rates. All 

derivatives were completely degraded 

after 6 h of treatment. 

Rehorek et al. 

(2007) 

Sono-enzymatic Distillery wastewater f = 22.5 kHz, P = ND, COD = 100-110 

g/L, TOC = 55-56 g/L, Cellulase = 50 

U, pH = 7.5, T = 50oC, t = 96.5-98 h 

(total required for US+E+AO) 

The highest COD removal of >60% 

was achieved with 72 h of aerobic 

biological pretreatment followed by 

ultrasonic and enzymatic treatment. 

The best result was obtained with the 

following combination: (1) US [2h] + 

EZ [24h] + AO [72h], (2) US [30 min] 

+ EZ [12h] + AO [72h] 

Sangave and 

Pandit (2006) 
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Table 1.5 (continued…): Summary of sono–enzymatic process for treatment of wastewater 

Method Pollutants Process parameters Results/ Max. Degradation (%) Reference 

Sono-enzymatic 2-chlorophenol 

(2CLP) 

f = 500 kHz, P = 15.1 W, 2CLP = 0.1 

mM, HRP = 0.078 U/mL, H2O2 = 1 

mM, pH = 7, T = 31oC, t = 60 min 

100% degradation of 2-chlorophenol 

was obtained after 30 min of treatment 

using sono-enzymatic process 

Entezari et al. 

(2006) 

Sono-enzymatic (Phenol+ p-
chlorophenol) 
(Phenol+ p-cresol) 
(Phenol + p-
nitrophenol);  
(p-chlorophenol+ p-
cresol) 

f = 423 kHz, P = 5.5 W, Phenols = 0.8 

mM, HRP = 0.8 /mL, H2O2 = 2 mM, 

pH = 7.2, T = 30oC, t = 60 min 

Degradation of substituted phenols 

from a mixture was easier than the 

phenol. Sono-enzymatic gave faster 

degradation and 100% degradation was 

achieved within 40 min. 

Entezari and 

Pétrier (2005) 

Sono-enzymatic Phenol (Ph) f = 423 kHz, P = 5.5 W, Ph = 1.6, 2.4 

and 4 mM, HRP = 2.4 U/mL, H2O2 = 

2 mM, pH = 7.2, T = 25oC, t = 60 min, 

PEG = 0.77 mM 

Investigated the sequence and method 

of addition of reagent. Rapid addition 

of HRP in the solution with H2O2 gave 

60% removal of phenol; while drop 

wise or gradual addition (1 mL/10min) 

of HRP gave 80% degradation just in 

20 min. However, complete 

degradation was with addition of PEG 

(0.77 mM) 

Entezari and 

Pétrier (2004) 

AO – aerobic biological oxidation, f – frequency (Hz), P – power (W), Po – pressure (bar), T – temperature (oC), t – time, HRP – horseradish 
peroxidise, CHLO – cholesterol oxidase 
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1.2.7 Photocatalysis Process 

 The conventional heterogeneous advanced oxidation technique is photocatalysis. In 

this process, semiconductor metal oxides such as TiO2 or ZnO are used as catalyst along with 

O2 as an oxidizing agent (Chakma and Moholkar, 2015; Kumar et al., 2015; Hu et al., 2014). 

In photo–generated catalysis process or photocatalysis process, the photocatalytic activity 

depends on the ability of the catalyst to create electron–hole pairs, which generates oxidizing 

(•OH) radicals. Among different photocatalysts, ZnO and TiO2 are the most popular, as they 

have desired properties such as high stability, efficient performance and low cost. For a 

semiconductor catalyst (e.g. TiO2 or ZnO), the threshold or ideal wavelength corresponding 

to the band–gap energy of ~ 3.2 eV is 387 nm (i.e. near–UV radiation). When TiO2 is 

exposed to ultraviolet (or near to UV–light or sunlight), an electron (e–) from the valence 

band (VB) is promoted to the conduction band (CB) resulting in the simultaneous generation 

of a positive oxidant hole (h+) in the VB, i.e. creation of electron–hole pairs (Adewuyi, 

2005b). 

   2 VB CBTiO  + ( 3.2 eV, < 387 nm)  + hv h e     (1.67) 

These photo–generated electron–hole pairs facilitate redox reactions through formation of 

adsorbed radicals on TiO2 surfaces. The step of electron–hole formation is very fast (time 

constant ~1015 s–1) in a well–illuminated reactor (Pareek and Adesina, 2004). TiO2 exists in 

two phases, viz. anatase and rutile. Anatase phase exhibits a higher band gap (~ 3.2 eV) in 

comparison to rutile phase (~ 3.0 eV), and thus, can be excited by irradiation at longer 

wavelengths. Anatase phase generally exhibits superior photocatalytic activity as compared 

to rutile phase. Moreover, anatase phase of TiO2 has significantly higher surface area, hence, 

greater extent of adsorption of radicals. The generation and interaction of radical species for 

various photocatalytic systems can be described with following reactions (Adewuyi, 2005a, 

2005b). 

TH-1390_11610705



INTRODUCTION AND LITERATURE REVIEW 

 35

 

(a) TiO2–O2 system 

  
2 22 VB(TiO ) CB(TiO )TiO +  ( 3.2 eV,< 387nm)  hv h e      (1.68) 

  
2 2( ) ( ) 2 +  TiO  + VB TiO CB TiOh e heat        (1.69) 

  
2 2

+
( ) 2 (TiO )+ H O HO + HVB TiO adh       (1.70) 

  
2( ) 2 2 22 + 2 H O H O + 2 HVB TiOh       (1.71) 

  
2( ) + OH  HOVB TiO adh         (1.72) 

  
2 2(TiO ) 2( ) 2(TiO ) O  OCB ade        (1.73) 

  +
2( ) 2O +  + H  HOad e        (1.77) 

  2 2 2 2O  + H O HO + OH + O        (1.78) 

  +
2 2 2 22 O  2 H H O  + O         (1.79) 

  
2

+
2 ( ) 2 2O  + + 2 H  H OCB TiOe        (1.80) 

  +
2( ) 2 2(ad)O + 2 + 2 H H Oad e       (1.81) 

 

(b) TiO2–H2O2 system 

  +
2 2(ad) 2H O  + 2 O  + 2 Hh       (1.82) 

  +
2 2(ad) 2H O + 2 H + 2 2 H Oe       (1.83) 

  +
2 2(ad) 2H O +  HO  + Hh       (1.84) 

  2 2 2 2 2HO  + HO  H O  + O        (1.85) 

  2 2 2 2O  + HO  HO  + O         (1.86) 

  +
2 2 2HO  + H  H O        (1.87) 
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2 2(TiO ) 2 2 (TiO )+ H O HO + OHCBe        (1.88) 

  
2 22(TiO ) 2 2 (TiO ) 2O + H O HO + OH + O       (1.89) 

  2 2H O  +  2 HOhv        (1.90) 

  2 2 2 2HO + H O  H O + HO       (1.91) 

The electrons formed in the above reaction scheme reduce some metal and dissolved oxygen 

to form superoxide 2O  radical ion, while holes react with the water molecules adsorbed on 

the metal oxide surface to generate •OH radicals: 

  +
2 2 2 adTiO ( ) + H O  TiO  + OH + Hadh     (1.92) 

  2 2TiO ( )+ OH TiO  + OHad adh       (1.93) 

The concentration of adsorbed water is high, so the above two reactions generate large 

numbers of •OH radicals. In addition, the pollutant molecules adsorbed on the surface also get 

oxidized due to electron transfer: 

  2 2TiO ( ) + RX  TiO  + RXad adh      (1.94) 

 

Transition and rare-earth metals doped catalysts: The conventional photocatalysts TiO2 

(anatase) and ZnO have large band gap energies. Hence, these catalysts do not show efficient 

photo–activity in visible light region (≥ 400 nm). For effective wastewater treatment using 

solar light energy, it is essential that absorption range of these photocatalyst be increased to 

the visible range. The catalyst can be made photoactive in visible light by decreasing the band 

gap energy between conduction band (CB) and valence band (VB). Doping of conventional 

photocatalysts with transition metal such as Fe–, Ag–, Au–, Mg–, Ni–, Co– etc. (Zaleska, 

2008; Kudo and Miseki, 2009; Xu and Li, 2010; Yao et al., 2010; Etacheri et al., 2012; Ng et 

al., 2012; Dong et al., 2011; Samadi et al., 2012; Daghrir et al., 2013; Aydin et al., 2013; 

Pang and Abdullah, 2012, 2013; Guo et al., 2013; Chakma et al., 2013; Ba–Abbad et al., 
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2013; Sathishkumar et al., 2014b), rare–earth elements such as Ce–, Er–, Yb–) (Shirsath et 

al., 2013; Reszczyńska et al., 2015), and in some cases non-metal such as N–, S– and F–

doped photocatalyst (Qin et al., 2011; Zhu et al., 2013; Asiri et al., 2014) are also used to 

increase the absorption of photons. As the transition metal ions are incorporated into the 

semiconductor (e.g. TiO2 or ZnO) lattice, impurity energy levels in the band gap of TiO2 or 

ZnO are formed as follows (Ni et al., 2007): 

  n+ (n+1)+M  + M  + ecbhv    (cb – conduction band) (1.95) 

  n+ (n-1)+ +
vbM  +  M  + hhv    (vb – valence band)  (1.96) 

M and Mn+ represent the metal and metal ion dopant. Further, the electron–hole transfer 

between photocatalyst (TiO2 or ZnO) and metal ions (Mn+) can alter the electron–hole 

recombination as given by the following equations: 

  Electron trap : n+ (n-1)+M  + e  Mcb
      (1.97) 

  Hole trap : n+ + (n+1)+
vbM  + h  M     (1.98) 

The energy level of ( 1)n nM M    is less negative than that of the energy level of the 

conduction band (CB) of original photocatalyst, while the energy level of ( 1)n nM M    is 

less positive than that of the energy level of valence band (VB) of original photocatalyst. 

 Given below is an illustrative analysis of Fe3+–doped ZnO semiconductor 

photocatalyst. In this case, the low amount of Fe3+ ions inhibits the recombination of hole (h+) 

– electron (e–) and functions as hole and trap as shown in the equations given below (Chakma 

and Moholkar, 2015a): 

  +ZnO +   e  + hhv    (charge pair generation) (1.99) 

  3+ 2+Fe  + e   Fecb
    (electron trap)   (1.100) 

  2+ 3+
2 2Fe + O (ads)  Fe +O  (electron release)  (1.101) 

  3+ + 4+
vbFe + h Fe    (hole trap)   (1.102) 
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  4+ 3+Fe + OH Fe + OH    (hole release)   (1.103) 

 During the electron hole – trap process, Fe2+ and Fe4+ ions are formed by reacting Fe3+ 

ions with electron holes and trap. These ions are unstable as compared to Fe3+ and react with 

O2 and OH– adsorbed onto the surface of the catalyst. This results in production of OH 

radicals and 2O  radicals that degrade the organic recalcitrant pollutants. The rates of the 

degradation reactions at optimum concentration of Fe3+ ions are very fast. If the concentration 

of Fe3+ is higher than the optimum concentration, Fe4+ ions react with electrons 

( 4+ 3+Fe  + e  Fe  ) and reduce availability of the traps. As a result, Fe3+ ions act as 

recombination centers and reduce the activity of Fe–ZnO photocatalyst through the reactions: 

   3+ 2+Fe  + e  Fe        (1.104) 

   2+ + 3+
vbFe  + h  Fe       (1.105) 

Combining of sonolysis with photocatalysis has been attempted by several authors for faster 

and higher degradation of variety of pollutants. There are essentially two process variants: 

combination of sonolysis with photocatalyst – without application of external UV light – 

known as sonocatalysis; and combination of sonolysis with photocatalyst with application of 

external UV light – known as sonophotocatalysis. Both of these hybrid advanced oxidation 

processes have been investigated. A summary of literature published employing both of these 

hybrid AOPs is given in Table 1.6 (sonocatalysis) and Table 1.7 (sonophotocatalysis). 
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Table 1.6: Summary of degradation of recalcitrant pollutants using sonocatalysis (US/catalyst) process 

Hybrid-AOP Pollutants Process parameters Results/ Max. degradation (%) Reference 

Sonocatalysis Methyl orange (MO) f = 42 kHz (bath), P = 170 W, MO = 20 

mg/L, ZnO = 333 mg/L, T = 25oC, t = 40 

min, Air saturated 

12.12% reduction in (US + ZnO + Air) Kumar et al. 

(2015) 

Sonocatalysis Acid Orange 7 (AO7) f = 40 kHz (bath), AO7 = 10 mg/L, 

CPP+TiO2 = 5 g/L, pH = 4, T = 21-27 

oC, t = 2.5 h 

30% (3.13 × 10-3 min-1) reduction Markovic et al. 

(2015) 

Sonocatalysis Acid Red B (ARB) 

Methylene Blue (MB) 

f = 40 kHz (bath), P = 200 W, ARB or 

MB = 20 mg/L, ZnO or Fe-ZnO = 0.5 

g/L, pH = 7, T = 27oC, t = 60 min 

ARB: 50.21% (3.49 ×10-4 s-1) with 

ZnO and 58.52% (7.24×10-4 s-1) with 

Fe-ZnO. 

MB: 47.93% (5.42×10-4 s-1) with ZnO 

and 55.46% (6.86×10-4 s-1) with Fe-

ZnO 

Chakma and 

Moholkar 

(2015a) 

Sonocatalysis Rhodamine B (RhB) f = 40 and 60 kHz (bath), P = 240W, 

RhB = 5 mg/L, LuFeO3 = 4 g/L, pH = 

6.5, T = 40oC, t = 90 min 

~ 90% with 40 kHz and ~ 100% with 

60 kHz 

Zhou et al. 

(2015) 

Sonocatalysis Paracetamol (PCT) f = 861 kHz (bath), P = 120 W, PCT = 

35µM, doped-TiO2 = 1-50 mg/L, pH = 3, 

T = -- oC, t = 40 min 

~100% removal of PCT with TOC 

reduction of 41% with Pd-TiO2 and 

54% with Pd/Au-TiO2  

Ziylan-Yavas 

et al. (2015) 

TH-1390_11610705



CHAPTER 1 

 40

 

Table 1.6 (continued…): Summary of degradation of recalcitrant pollutants using sonocatalysis (US/catalyst) process 

Hybrid-AOP Pollutants Process parameters Results/ Max. Degradation (%) Reference 

Sonocatalysis Acid Blue 113 

(AB113) 

f = 42 kHz (bath), AB113 = 10-5 M, 

Pr3+-TiO2 = 1 g/LUV sources = 1 nos 

(≥ 420 nm), pH = 6, T = room temp., t 

= -- min 

~35% TOC removal was achieved with 

Pr3+-TiO2 

Sathishkumar 

et al. (2014a) 

Sonocatalysis Simazine (SZ) f = 42 kHz (bath), SZ = 5 mg/L, Au-

TiO2 = 1.5 g/L UV sources = 1 nos (≥ 

420 nm), pH = 6, T = ND, t = 7 h 

31% TOC reduction (5.45×10−4 s−1) Sathishkumar 

et al. (2014b) 

Sonocatalysis Direct Blue 71 

(DB71) 

f = 20 kHz (horn), P = 95 W, DB71 = 

200 mg/L, ZnO = 2 g/L, H2O2 = 75 

mg/L, pH = 2.5, T = 20oC, t = 20 min 

~100% decolorization in both US+ZnO 

and US+ZnO+H2O2 

Ertugay and 

Acar (2014) 

Sonocatalysis Rhodamine 6G 

(Rh6G) 

f = 50 kHz (bath), P = 170 W, Rh6G = 

10 mg/L, CuO = 1.5 g/L or TiO2 = 4 

g/L, UV sources = 1  9 W, pH = 

12.5, T = ND, t = 3h 

52.8% (7 × 10-3 min-1) with CuO and 

51.2% (6.8 × 10-3 min-1) TiO2 

Bokhale et al. 

(2014) 

Sonocatalysis Rhodamine B (RhB) f = 35 kHz (bath), P = 200 W, RhB = 

20 mg/L, ZnO or ZnO/CNTs = 1 g/L, 

pH = ND, T = ND, t = 60 min 

10 wt% CNTs-ZnO exhibits the max. 

degradation of 19% (0.0035 min-1) with 

ZnO and 49% (0.011 min-1) with 

ZnO/CNTs 

Ahmad et al. 

(2014) 
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Table 1.6 (continued…): Summary of degradation of recalcitrant pollutants using sonocatalysis (US/catalyst) process 

 

Hybrid-AOP Pollutants Process parameters Results/ Max. Degradation (%) Reference 

Sonocatalysis Acid Blue 113 

(AB113) 

f = 42 kHz (bath), AB113 = 10-5 M, 

Pure and doped-TiO2 (Gd3+ or Nd3+ or 

Y3+) = 1 g/L, pH = 6, T = room temp, t 

= 5h 

Y3+-TiO2 showed the highest 

mineralization with TOC removal 

of~38% (8.8 × 10-5 s-1) 

Sathishkumar 

et al. (2014c) 

Sonocatalysis Dichlorvos (DCV) f = 36 kHz (horn), P = 150 W, DCV  = 

20 mg/L, TiO2 = 0.01-0.2 g/L, pH = 3, 

T = room, t = 75 min 

Only 7.45% degradation was achieved Patil and 

Gogate (2014) 

Sonocatalysis Phenol (Ph) f = 40 kHz (bath), P = 100 W, Ph = 40 

mg/L, ZnO = 100 mg/L, H2O2 = 15 

mg/L, pH = 5.5, T = 29oC, t = 120 min 

13.7% in (US+ZnO) and 16.9% in 

(US+ZnO+H2O2)  

Jyothi et al. 

(2014) 

Sonocatalysis Ofloxacin (OFX) f = 20 kHz (probe), P = 400 W, OFX = 

10 mg/L, TiO2 = 1 g/L, pH = 6, T = 

27oC, t = 120 min 

62% (0.0203 min-1) degradation of 

OFX was obtained 

Hapeshi et al. 

(2013) 

Sonocatalysis Textile wastewater f = 35 kHz (bath), P = 50 W, COD = 

1600 mg/L, TOC = 522 mg/L, Fe3+-

TiO2 = 6 g/L, H2O2 = 40 mM, pH = 3, 

T = 30 oC, t = 3h 

Color removal = 79.9%, COD removal 

= 59.4% and TOC removal = 49.8% 

Pang and 

Abdullah 

(2013) 
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Table 1.7: Degradation summary of recalcitrant pollutants using sono–photocatalysis (US/UV/catalysis) process 

 

Hybrid-AOP Pollutants Process parameters Results/ Max. degradation (%) Reference 

Sono-

photocatalysis 

Methyl orange (MO) f = 42 kHz (bath), P = 170 W, MO = 

20 mg/L, ZnO = 333 mg/L, UV 

sources = 1  125W (< 390 nm), T = 

25oC, t = 40 min, Air saturated 

62.99% in (US + ZnO + UV) 

99.45% in (US + ZnO + UV + Air) 

Kumar et al. 

(2015) 

Sono-

photocatalysis 

Acid Orange 7 (AO7) f = 40 kHz (bath), AO7 = 10 mg/L, 

CPP+TiO2 = 5 g/L, UV sources = 1  

300 W, pH = 4, T = 21-27 oC, t = 150 

min 

100% (25.01 × 10-3 min-1) degradation 

in (US+UV+Cat) with SF = 2.44 

Markovic et al. 

(2015) 

Sono-

photocatalysis 

Acid Red B (ARB) 

Methylene Blue 

(MB) 

f = 40 kHz (bath), P = 200 W, ARB or 

MB = 20 mg/L, ZnO or Fe-ZnO = 0.5 

g/L, UV sources = 1  160W (365 

nm), pH = 7, T = 27oC, t = 60 min 

ARB: 80.98% (9.22×10-4 s-1) with ZnO 

and 74.75% (1.13×10-3 s-1) with Fe-

ZnO. MB: 53.28% (6.39×10-4 s-1) with 

ZnO and 67.55% (9.07×10-4 s-1) with 

Fe-ZnO 

Chakma and 

Moholkar 

(2015a) 

Sono-

photocatalysis 

Acid Blue 113 

(AB113) 

f = 42 kHz (bath), AB113 = 10-5 M, 

RE-TiO2 = 1 g/L, UV sources = 1 

lamp (≥ 420 nm), pH = 6, T = room 

temp., t = 1h (deg.) and 5h (TOC) 

Max. deg. of ~55% (1h) and ~55% 

TOC reduction (5h) with Pr3+-TiO2 

Degradation follow the order of Pr3+-

TiO2> Sm3+-TiO2> Er3+-TiO2> TiO2 

Sathishkumar 

et al. (2014a) 
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Table 1.7 (continued…): Degradation summary of recalcitrant pollutants using sono–photocatalysis (US//UV/catalysis) process 

Hybrid-AOP Pollutants Process parameters Results/ Max. Degradation (%) Reference 

Sono-

photocatalysis 

Simazine (SZ) f = 42 kHz (bath), SZ = 5 mg/L, Au-

TiO2 = 1.5 g/L UV sources = 1 lamp 

(≥ 420 nm), pH = 6, T = ND, t = 420 

min 

43% TOC reduction (5.88×10−4 s−1) Sathishkumar 

et al. (2014b) 

Sono-

photocatalysis 

Rhodamine 6G 

(Rh6G) 

f = 50 kHz (bath), P = 170 W, Rh6G = 

10 mg/L, CuO = 1.5 g/L or TiO2 = 4 

g/L, UV sources = 1  9 W, pH = 

12.5, T = ND, t = 180 min 

60.8% (8.4 × 10-3 min-1) with CuO, 

63.3% (8.9 × 10-3 min-1) with TiO2 

Bokhale et al. 

(2014) 

Sono-

photocatalysis 

Diclofenac (DCF) 

and Ibuprofen (IBP) 

f = 20 kHz (horn), DCF or IBP = 10 

mg/L, TiO2 = 0.5 g/L, UV sources = 1 

 9W (350-400 nm) or 1  1 kW (≥ 

290 nm), pH = ND, T = 25oC, t = 120 

min 

96% (4.0 ×10-2 min-1) DCF and 85% 

(4.9 ×10-2 min-1) IBP 

Michael et al. 

(2014) 

Sono-

photocatalysis 

Rhodamine B (RhB) f = 35 kHz (bath), P = 200 W, RhB = 

20 mg/L, ZnO or ZnO/CNTs = 1 g/L, 

UV sources = Sunlight (1.213 × 105 

Lux unit), pH = ND, T = ND, t = 60 

min 

ZnO with 10 wt% CNTs was the best 

and the individual degradation was as 

~45% (0.01 min-1) with ZnO and ~ 

93% (0.045 min-1) with ZnO/CNTs 

Ahmad et al. 

(2014) 
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Table 1.7 (continued…): Degradation summary of recalcitrant pollutants using sono–photocatalysis (US//UV/catalysis) process 

 

Hybrid-AOP Pollutants Process parameters Results/ Max. Degradation (%) Reference 

Sono-

photocatalysis 

Acid Blue 113 

(AB113) 

f = 42 kHz (bath), AB113 = 10-5 M, 

Pure and doped-TiO2 (Gd3+ or Nd3+ or 

Y3+) = 1 g/L, UV sources = 1 nos (≥ 

420 nm), pH = 6, T = room temp, t = 

300 min 

Y3+-TiO2 showed the highest catalytic 

activity with TOC removal of ~65% 

(18 × 10-5 s-1) 

Sathishkumar 

et al. (2014c) 

Sono-

photocatalysis 

Ofloxacin (OFX) f = 20 kHz (probe), P = 400 W, OFX = 

10 mg/L, TiO2 = 1 g/L, UV sources = 

1  9 W (350 – 400 nm), pH = 6, T = 

27oC, t = 120 min 

100% (0.1054 min-1) degradation was 

achieved 

Hapeshi et al. 

(2013) 

Sono-

photocatalysis 

Paracetamol (PCM) f = 213 kHz (horn), P = 13.8 W, PCM 

= 0.09 mM, TiO2 = 1 g/L, UV sources 

= 1  450 W (≥ 320 nm), pH = 2.7, T 

= 25oC, t = 180 min 

~80% (40.2×10-7 M min-1) TOC 

reduction was achieved 

Madhavan et 

al. (2013) 

Sono-

photocatalysis 

Direct Blue 71 

(DB71) 

f = 20 kHz (horn), P = 95 W, DB71 = 

200 mg/L, ZnO = 2 g/L, H2O2 = 75 

mg/L, UV sources = 2 UV lamps (254 

nm), pH = 2.5, T = 20oC, t = 20 min 

~100% decolorization in 20 min Ertugay and 

Acar (2014) 
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Table 1.7 (continued…): Degradation summary of recalcitrant pollutants using sono–photocatalysis (US/UV/catalysis) process 

 
Hybrid-AOP Pollutants Process parameters Results/ Max. Degradation (%) Reference 

Sono-

photocatalysis 

Dichlorvos (DCV) f = 36 kHz (horn), P = 150 W, DCV  = 

20 mg/L, TiO2 = 0.01-0.2 g/L, UV 

sources = Sunlight, pH = 3, T = room, 

t = 75 min 

83.12% degradation in US/Solar/TiO2 Patil and 

Gogate (2014) 

Sono-

photocatalysis 

Trichloroacetic acid 

(TCA) 

f = 30 kHz (probe), P = 80 W, TCA = 

100 mg/L, TiO2 = 62.5 mg/L, UV 

sources = 2  9 W (254 nm), pH = 5.8, 

T = 28oC, t = 60 min, Air and O2 

bubbling 

8.24% (air) and 14.37% (O2) 

degradation were obtained with ~35% 

TOC removal 

Hu et al. (2014) 

Sono-

photocatalysis 

Phenol (Ph) f = 40 kHz (bath), P = 100 W, Ph = 40 

mg/L, ZnO = 100 mg/L, H2O2 = 15 

mg/L, UV sources = 1  400 W (254 

nm), pH = 5.5, T = 29oC, t = 120 min 

87.9% in (US+ZnO+UV) and 94.6% in 

(US+ZnO+H2O2+UV) 

Jyothi et al. 

(2014) 

CPP+TiO2 - corona pre-treated polypropylene (CPP) supported TiO2, RE-TiO2– rare earth materials (Sm3+, Pr3+ and Er3+) doped TiO2 
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1.3 SCOPE AND STRUCTURE OF THE THESIS 

 The preceding section has presented the basic chemistry of the conventional advanced 

oxidation processes which have been extensively investigated for degradation/ mineralization 

of variety of pollutants. The relatively new AOP of sonolysis has also shown high promise 

for effective degradation of pollutants. Although the principal chemical mechanism of all 

AOPs is oxidative degradation and mineralization through •OH radicals, the chemical 

mechanism of production of these radicals differs significantly in each AOP. The hybrid 

AOPs combining sonolysis with conventional AOPs have also been investigated and the 

literature review on these hybrid AOPs presented in preceding sections shows high potential 

of the hybrid AOPs for more effective treatment of wastewater. Both kinetics of degradation 

and extent of complete mineralization shows significant rise with the hybrid AOP as 

compared with the individual AOPs. 

 However, as noted earlier, despite significant research on hybrid AOPs, the exact 

mechanism of these processes that lead to faster and higher degradation has not been fully 

explored. The exact interactions between individual mechanisms of the AOPs, described in 

the previous section, have not been identified. The present thesis is aimed at establishing the 

physical mechanism of the sono–hybrid AOPs. This would essentially mean identification of 

links between physics of ultrasound and cavitation and chemistry of degradation. The 

methodology, which we adopt for these investigations, is that of coupling results of 

simulations of cavitation bubble dynamics with experimental results on degradation of 

pollutant with specific protocols. The experimental protocols alter the characteristics of the 

ultrasound and cavitation phenomenon in the liquid. These alterations will be captured by 

simulations of the cavitation bubble dynamics, which will give magnitudes of the physical 

and chemical effects induced by cavitation bubbles under the applied protocols. Concurrent 

analysis of the experimental and simulations result reveal interesting mechanistic features of 
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the hybrid AOPs involving sonolysis and the conventional AOPs. 

 The model organic compounds that have been chosen for the mechanistic 

investigations are common pollutants appearing in wastewater discharge of petrochemical, 

pharmaceutical and textile industries. These model pollutants include azo and non–azo textile 

dyes (Acid Red B, Methylene blue and Blue HE2R), plastic intermediate of Bisphenol A and 

inflammatory and analgesic drug Ibuprofen. 

 The sono–hybrid processes that have been dealt with in this thesis are: (1) sono–

photo–Fenton, (2) sono–Ferrioxalate, (3) sono–photolysis, (4) sono–persulfate, (5) sono–

enzymatic and (6) sono–photocatalysis (using doped or dual activity catalysts). The thesis 

comprises of total 10 chapters (including the present one). A brief description of contents of 

each chapter is as follows: 

 Chapter 2 deals with investigation of physical mechanism of sono–Fenton process. In 

this study, the textile dyes of Acid Red B and Blue HE2R have been employed as model 

pollutants. Initially optimization of parameters such as concentrations of Fe2+, H2O2, pH, 

and initial dye concentration has been carried out. The experimental protocols include 

application of elevated static pressure and de–oxygenation of the liquid medium. 

 Chapter 3 describes investigations in the hybrid AOP of sono–photo–Fenton with 

Bisphenol A being employed as model pollutant. The experimental protocols used include 

application of individual techniques of Fenton, and Fenton/UV with mechanical agitation and 

also with sonication. The two Fenton reagents, viz. Fe2+ and H2O2, have also been 

individually applied with sonication. Comparative analysis of the Bisphenol A degradation 

and mineralization (using TOC removal) in these protocols helps in identification of exact 

role of ultrasound and cavitation in the process. 

 Chapter 4 deals with the hybrid AOP of sono–photo–ferrioxalate. Initially 

optimization of the process parameters (such as concentrations of Fe3+, oxalate, molar ratio of 
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the two, pH, H2O2 addition etc) has been carried out. The experimental protocols include de–

oxygenation of the solution and sparging of monatomic and diatomic gases. Two textile dyes, 

viz. azo dye of Acid Red B and non–azo dye of Methylene blue have been employed as 

model pollutants. 

 Chapter 5 presents investigations in hybrid AOP of sono–photolysis using azo dye of 

Acid Red B as model pollutants. The experimental protocols include application of individual 

AOPs of sonolysis and photolysis (with mechanical agitation), combination of ultrasound + 

H2O2 and ultrasound + H2O2 + UV. Arrhenius analysis of the three processes, viz. sonolysis, 

photolysis and sono–photolysis has also been done to assess variations in activation energy 

and frequency factor. Intensification of the sono–photolysis with addition of salt (or 

electrolyte) has also been investigated. 

 Chapter 6 describes the mechanistic investigations of sono–persulfate oxidation 

process using azo dye of Acid Red B as model pollutant. Different methods of activation of 

persulfate, viz. thermal activation, Fe2+ activation and UV–C activation, for degradation of 

the pollutants have been studied. These methods have been applied individually and in binary 

and ternary combinations. The variations in decolorization/ mineralization of Acid Red B in 

different experimental protocols have been assessed to identify synergistic effects of the three 

methods of persulfate activation. 

 Chapter 7 presents investigations in sono–enzymatic degradation of analgesic drug 

Ibuprofen using Horseradish peroxidase as the enzyme. The experimental protocols include 

application of sonolysis and enzymatic treatments individually. The hybrid sono–enzymatic 

treatment has been applied at atmospheric and elevated static pressure. Two ultrasound 

frequencies have been employed. GC–MS analysis of reaction solution has been carried out 

to identify the intermediate of degradation. Mineralization of the drug in various protocols 

has also been assessed with TOC analysis. Finally, the degradation of Ibuprofen has also been 
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assessed with kinetic and thermodynamic analysis to determine Arrhenius parameters of 

activation energy and frequency factor, and thermodynamic parameters of enthalpy, entropy 

and Gibbs energy change. 

 Chapter 8 presents investigations in heterogeneous sono–hybrid AOP of sono–

catalysis and sono–photocatalysis. The photocatalyst employed is ZnO either in pure form 

and doped with Fe3+. Doping has been carried out with sonication in presence and absence of 

surfactant. Azo dye of Acid Red B and non–azo dye of methylene blue have been used as 

model pollutants. Extensive characterization of the photocatalysts has been carried out prior 

to experiments. The experimental protocols include application of individual AOP of 

sonolysis and photocatalysis, and hybrid AOP of sono–photocatalysis with oxygenated and 

de–oxygenated liquid medium. 

 Chapter 9 describes investigations in sonochemical synthesis of new catalyst of 

zirconium ferrite, which has dual activity of photocatalysis and Fenton due to presence of 

2 3Fe O   phase. Experimental protocols employed in this study are same as that in previous 

chapter. The efficacy of zirconium ferrite in degradation/ mineralization of the azo dye has 

been compared with conventional photocatalyst of TiO2 synthesized through sonochemical 

route. The effect of UV source, either UV–A or combination of UV–A & UV–C, on 

degradation/ mineralization has also been assessed. 

 Chapter 10 gives an overview of all results on degradation/ mineralization of various 

pollutants using different sono–hybrid AOPs. The similarity in trends of degradation/ 

mineralization seen with similar experimental protocols under different sono–hybrid AOPs – 

despite significantly different individual chemical mechanisms of the individual AOPs and 

different chemical structure of the pollutant – has been identified. These similarities are 

essentially manifestations of similar physics of reaction systems despite different chemistry. 

All results when viewed together help in discerning the exact role of ultrasound and 

TH-1390_11610705



CHAPTER 1 

 50

cavitation in the hybrid AOPs. Some suggestions for future investigations (through 

mechanistic viewpoint) in sono–hybrid AOPs have also been made. 
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PHYSICAL MECHANISM OF 
SONO–FENTON PROCESS 

 

 

 

 

2.1 INTRODUCTION 

Use of synthetic organic dyes by the textile industries has increased significantly in 

recent years and many of these dyes are toxic organic pollutants. Based on their chemical 

structure, the synthetic dyes are categorized into various classes like acidic, basic, azo, non–

azo etc. Among these classes, use of azo dyes has been the maximum (~70%) (Peralta–

Zamora et al., 1998). These dyes appear in the wastewater discharge from textile industries. 

The degradation (or decolorization) of these dyes using conventional biological techniques is 

very difficult due to their complex structure. Globally, approximately 10,000 types of dyes 

and pigments are produced annually, and about 20% of these are discharged as textile 

industrial effluents without any pretreatment. For the effective decolorization of the synthetic 

dyes, advanced oxidation processes (AOPs) have been widely employed as alternative 

methods. These techniques include Fenton, ozonation, photocatalytic techniques, peroxide 

treatment, sonolysis, enzyme treatments etc. Literature published in last one decade includes 

more than 100 papers that report use of these techniques for decolorization of textile 

wastewater containing wide range of dyes belonging to the different classes mentioned 

above. For further boosting the efficiency of AOPs, hybrid methods have also been widely 
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used that simultaneously employ two or more AOPs mentioned above, and voluminous 

literature has also been published in this area in past one decade. The combinations of AOPs 

that have been used includes sono–Fenton, sono–photocatalysis, sono–enzymatic treatments, 

photo–Fenton techniques, UV/H2O2, UV/ozone, ozone/H2O2 etc. (Lin et al., 2008; Wu, 2008; 

Papić et al., 2009; Patidar et al., 2012). An excellent review of the individual as well as 

hybrid AOP techniques for treatment of wastewater has been given by Gogate and Pandit 

(Gogate and Pandit, 2004a, 2004b). The hybrid techniques have been reported to enhance the 

decolorization kinetics as well as yield. Most of the literature in the area of hybrid AOPs is 

focused on results than rationale. Although in many studies an attempt is made to quantify the 

enhancement factor for the decolorization (or degradation) with reference to one of the AOPs, 

only a few studies have attempted to deduce the exact mechanism of the synergism between 

the individual AOP. In this chapter, we have addressed this basic issue in the context of a 

widely used hybrid AOP, i.e. sono–Fenton process. Several recent studies report employment 

of sono–Fenton processes for degradation of different organic pollutants (Segura et al., 2008, 

2012; Huang et al., 2012; Babuponnusami and Muthukumar, 2012; Grčić et al., 2012; 

Oezdemir et al., 2011a, 2011b; Zhong et al., 2011;;Sundararaman et al., 2009; Bremner et al., 

2009; Molina et al., 2006; Bianchi et al., 2006). We have used two dyes, viz. Acid red B (an 

azo dye, abbreviated hereafter as ARB) and Blue HE2R (a non–azo dye, abbreviated 

hereafter as BLH), as model pollutants in this study in view of the large pollution generated 

by effluent from textile industry, as mentioned earlier. Our approach for identifying the 

mechanism of the synergism between sonolysis and Fenton process is two–fold, i.e. to couple 

experiments with simulations of cavitation bubble dynamics. In the next section, we present 

our contemplations and conjectures, on which the methodology and protocols of this study 

are based. 
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2.2 CONTEMPLATIONS AND CONJECTURES 

 The degradation (or oxidation or decolorization) efficiency of an advanced oxidation 

process such as sonolysis or Fenton reagent is characterized by the production of •OH radical, 

which is a powerful oxidizing agent with an oxidation potential of 2.8 V. The •OH radicals 

are extremely reactive species, and the typical rate constant of their reaction with organic 

compounds ranges between 106–109 mol–1 s–1 (Andreozzi et al., 1999). However, the basic 

mechanism (either physical or chemical) through which •OH radicals are produced in these 

techniques is completely different. In sonolysis, the radicals are produced through transient 

cavitation, which is a phenomenon comprising essentially of 3 phases, viz. nucleation, growth 

and an adiabatic implosive collapse of a gas or vapor bubble (Shah et al., 1999). These phases 

are driven by pressure variation induced in the liquid medium (or solvent) due to propagation 

of the ultrasound wave. Gas pockets trapped in the crevices of solid boundaries of the 

reaction system constitute the nuclei for cavitation. The growth of the bubble is accompanied 

by evaporation of large amount of solvent at the bubble interface (or bubble wall), and 

diffusion of solvent vapor towards the core of the bubble. During the ensuing collapse phase, 

not all of the vapor molecules can diffuse back to the bubble wall and condense (Storey and 

Szeri, 2000). A significant fraction of vapor remains inside the bubble when the bubble 

motion reaches extremely fast during the final moments of compression. The bubble collapse 

occurs within as small time as 50 ns, and it is almost adiabatic. The temperature and pressure 

condition inside the bubble reaches extreme, typically excessive of 5000 K and 500 bar, 

respectively (Hart and Henglein, 1987; Suslick, 1990). The entrapped solvent vapor inside 

the bubble is subjected to these extreme conditions and undergoes thermal dissociation 

resulting in very many chemical species, some of which are radical species. The solvent used 

in majority of the sonochemical processes is water, and 8 species could result out of thermal 

dissociation of water, viz. H2, O2, H2O2, O3, 
•OH, H•, O•, HO•

2. The predominant radical 
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species is •OH (Storey and Szeri, 2000; Hart and Henglein, 1987; Suslick, 1990). As the 

bubble reaches minimum radius during the radial motion, these species can either diffuse out 

of the bubble, or with fragmentation of the bubble these get released and mixed into the 

medium. 

 •OH radical production through Fenton process is known to occur through the well 

known reactions as follows (Andreozzi et al., 1999): 

   2+ 3+ •
2 2Fe  + H O Fe + OH + HO    (2.1) 

   3+ 2+ • +
2 2 2Fe  + H O Fe  + HO  + H    (2.2) 

   3+ • 2+ +
2 2Fe + HO  Fe  + O  + H    (2.3) 

When the techniques of sonolysis and Fenton are applied together, there are several means 

through which they can assist / oppose each other’s mechanism. One obvious mechanism 

through which the two AOPs can interact is the formation and utilization of •OH radicals. 

These radicals are formed at the location of bubble collapse and can independently decolorize 

the dye molecules. However, being extremely reactive, these radicals do not penetrate or 

diffuse through the bulk medium. If the concentration of pollutant in the solution is small, the 

probability of interaction between the radical and pollutant molecule is also small, and under 

these circumstances it is very likely that the •OH radicals would recombine 

( 2 2OH + OH  H O   ) to give H2O2, which is a loss of oxidation potential. However, 

with Fe2+ being present in the medium, •OH radicals can get regenerated from the H2O2 

(formed due to recombination) through Fenton reactions. Any mechanical agitation applied to 

the medium can enhance the probability of radical–pollutant interaction, which in turn results 

in enhancement of degradation / decolorization. Ultrasound and cavitation also generate 

intense micro–mixing in the medium through different mechanisms such as micro–turbulence 

due to cavitation bubbles and micro–streaming (i.e. oscillatory velocity of fluid elements due 
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to ultrasound propagation) (Shah et al., 1999). This micro–mixing can increase the 

probability of interaction of radical and pollutant molecules, resulting in better utilization of 

the radicals (generated from either Fenton process or from the cavitation bubbles) for purpose 

of decolorization. If, however, H2O2 added externally to the medium (as one of the Fenton 

reagents) is in excess, it would evaporate into the cavitation bubble generating additional •OH 

radicals, which could enhance the extent of decolorization. The extent of production of 

radicals through cavitation bubbles depends on three factors (Sivasankar et al., 2007): (1) the 

bubble population in the medium, (2) extent of evaporation of H2O2, which in turn depends 

on the concentration of H2O2 in the solution and its partial pressure, and (3) peak temperature 

and pressure reached in the bubble at transient collapse, which in turn depends on frequency 

and pressure amplitude of the ultrasound wave. It should be noted that excess concentration 

of H2O2 in the medium could have adverse effect on degradation /decolorization as the •OH 

radicals generated by either cavitation bubbles or Fenton reactions can get converted to 

molecular species due to scavenging action of H2O2 through following reactions (Gri–Mech, 

http://www.me.berkeley.edu/gri–mech/data/frames.html): 

   2 2 2 2OH + H O  H O + HO     (2.4) 

   2 2 2OH + HO  O  + H O       (2.5) 

The dissolved oxygen in the medium also plays a critical role in the decolorization process 

due to the conservation of radicals, as has been demonstrated in our earlier works (Sivasankar 

and Moholkar, 2009a, 2009b). The dissolved oxygen can help conservation of the •OH 

radicals generated through Fenton reactions as well as cavitation bubbles through following 

reaction: 

   • •
2 2OH + O  O  + HO      (2.6) 

 The physical mechanism of synergy between sonolysis and Fenton reactions can be 

deduced by discriminating between the physical and chemical effects of ultrasound and 
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cavitation, each of which has distinct beneficial influence on the Fenton process. The 

question that we try to answer is that what is the individual contribution of these effects, and 

which of these effects is more beneficial for the hybrid process of sono–Fenton. Moreover, 

we also try to identify the role played by secondary factors such as concentration of H2O2 in 

the medium and extent of dissolved oxygen content in the medium. As stated previously, we 

have adopted an approach of coupling experimental results with simulations of bubble 

dynamics for this purpose. 

 

2.3 MATERIALS AND METHODS 

 This study aimed at elucidating the physical mechanism of the sono–Fenton process, 

i.e. identifying the inter–connections between cavitation physics and Fenton chemistry. The 

textile dyes used in this work are only model or representative pollutants. The degradation of 

these dyes with sono–Fenton process has been previously reported in literature with 

identification of the degradation intermediates (Lin et al., 2008). In view of this, we have not 

included identification of degradation intermediates (with proposition of the degradation 

mechanism) in the experimental scope of present study. Experiments have been designed so 

as to vary the characteristics of cavitation phenomenon in the medium. The decolorization of 

original dye solution has been used as yardstick for illuminating the physical mechanism and 

synergy of the sono–Fenton process. 

 

2.3.1 Materials 

 Following chemicals have been used in this study: ARB dye, BLH dye, ferrous sulfate 

heptahydrate (FeSO4·7H2O), hydrogen peroxide (30% v/v), sulfuric acid (97%), sodium 

hydroxide (pellets). All the chemicals were purchased from Merck India Ltd. and used as 

received without any further pretreatment. For all experiments, Milli–Q water from Milli–Q 
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Synthesis unit (Millipore®, USA) was used as the liquid medium. 

 

2.3.2 Experimental setup 

 A schematic of the experimental setup is shown in Fig. 2.1. Sonication experiments 

were carried out in a conical flask (250 mL) made of borosilicate glass. Experiments were 

carried out with either mechanical stirring of the solution or sonication. For mechanical 

stirring, a magnetic stirrer (Remi Equipments, Model: LZMS3969) was used. An ultrasound 

bath (JeioTech, South Korea, Model: UC–10, Capacity: 10 L) with frequency of 40 kHz and 

power of 200 W was used for sonication the medium. The bath was filled with 10 L of water 

as the sonication medium. This water was replaced with fresh water in every 10 min to 

maintain bulk liquid medium at constant temperature during the experiment. The average 

temperature of the bath, and hence, the reaction solution inside the flask, varied by less than 

3oC due to this procedure. Prior to experiments, the sonication bath was characterized with 

calorimetric measurements for actual power dissipation and the distribution of acoustic 

pressure amplitude (Sivasankar and Moholkar, 2007; Chakma and Moholkar, 2011). The 

ultrasound intensity (and hence the ultrasound pressure amplitude) in the bath shows 

significant spatial variation. In order to avoid the variation in the ultrasound pressure 

amplitude in different experiments (which could give rise to artifacts), the conical flask 

containing dye solution was placed at the center of the sonication bath, and its position was 

carefully maintained constant in all experiments. All sonication experiments were conducted 

in the same flask so as to have same ultrasound pressure amplitude and power dissipation in 

the reaction mixture in all experiments. Moreover, sonication experiments were carried out at 

two static pressures, viz. atmospheric (101.3 kPa) static pressure and elevated static pressure 

of 200 kPa (or 2 bar). The rationale underlying raised static pressure to the system during 

sonication of reaction mixture has been described by Moholkar et al. (2004), and will also be 
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explained in this chapter subsequently. A simple procedure was used to raise the static 

pressure of the medium. The neck of the conical flask used in the experiments was closed 

using a rubber stopper with metal tube pierced in it. The outer end of the metal tube was 

connected to a nitrogen cylinder through two–stage pressure regulator. The pressure of the 

outlet gas from cylinder, and hence, the static pressure on the dye solution could be 

controlled through this regulator. 

 

 

 

Figure 2.1: A schematic diagram of experimental setup. (1) ultrasound bath (2) transducer (3) timer 

or regulator (4) desorption mixture (5) burette stand to hold the flask (6) nitrogen gas cylinder (7) 

pressure gauge (8) two–stage regulator to control the pressure. 

 

2.3.3 Experimental procedure 

 A 100 mg/L stock solution of the dye (both ARB and BLH) was prepared and stored 

at 4oC. The major experimental parameters that influence the decolorization process are: (1) 

composition of the Fenton reagent (i.e. the ratio of Fe2+/H2O2), (2) the initial concentration of 

dye, (3) pH of the solution. To assess the optimum values of these parameters, we conducted 

preliminary experiments with ARB dye, which have been described in the preliminary 

experimental section. 

 For all experiments, 50 mL of dye solution of concentration 10 mg/L was prepared by 
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taking an appropriate amount of stock solution and diluting it with Milli–Q water. The 

experiments were carried out in 7 categories for both dyes with different conditions, as 

described in Table 2.2. Prior to the main set of experiments, we conducted several 

preliminary experiments in which the influence of parameters such as initial dye 

concentration, ratio of Fenton reagents (i.e. H2O2 and FeSO4·7H2O) and pH of the solution 

was assessed. The optimum value of each parameter was decided on the basis of these 

preliminary experiments and was further used for the main set of experiments. To monitor the 

progress of decolorization of dye solution, aliquots of 1 mL were withdrawn from the 

reaction mixture every 10 min and the total time of treatment of dye solution in each category 

of experiments was 60 min. During the withdrawal of the aliquot, the pressure in the conical 

flask was released. The pressure was restored prior to commencement of sonication. After 

withdrawal of aliquot, the Fenton reaction was terminated by adjusting the pH 7.5 – 8.0 with 

NaOH stock solution (5 N), which also resulted in Fe(III) floc formation. The samples were 

then filtered through 0.22 µm filter to remove the Fe(III) floc and the filtrate was analyzed for 

the concentration of dye using UV–Visible spectrophotometer (Varian Carry 50). The 

maximum absorbance wavelength (λmax) of ARB and BLH were determined at 512 nm and 

586 nm, respectively, by scanning the UV–Vis spectra from 200 to 800 nm. Figs. 2.2A and 

2.2B depict the UV–vis spectra of samples of the dye solutions withdrawn from the reaction 

mixtures at different time intervals. The decolorization efficiency in different experimental 

categories was determined as:   (%) 100o oC C C    ; where, Co is the initial concentration 

of dye, and C is the concentration of dye at any time t (min). In each of the seven categories 

of experiments for both dyes, experimental runs were taken in triplicate to check the 

reproducibility of the results. The mean value of the three experimental runs was used for 

evaluation of kinetics of decolorization and the final yield. 
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(A) 

 
(B) 

 

Figure 2.2: (A) UV–Visible spectra of ARB for different samples withdrawn at different time interval 

during Fenton reaction. (B) UV–Visible spectra of Blue–HE2R for different samples withdrawn at 

different time interval during Fenton reaction. 

 

2.4 ULTRASOUND AND BUBBLE DYNAMICS PHENOMENA 

 Cavitation is essentially the nucleation, growth and implosive collapse of gas/ vapor 

bubbles (or more generally, the radial motion or volume oscillations of the bubble) driven by 

bulk pressure variation induced by ultrasound. Occurrence of cavitation in liquid medium 

requires presence of “nuclei” for the same in the bulk liquid medium. These nuclei could be 

gas pockets trapped in the crevices of the solid boundaries in the reaction system (such as 

reactor wall or crevices in the sonicator surface) or solid particles present in the liquid, or 

these could be freely floating tiny bubble already present in the liquid. Ultrasound passes 

through the medium in the form of longitudinal wave comprising compression and 

rarefaction half cycles. This induces period (usually sinusoidal) variation in the static 

pressure of the liquid medium. As the static pressure in the medium falls during the 

rarefaction half cycle of ultrasound wave, the cavitation nuclei undergo expansion to form 

cavitation bubbles. These bubbles undergo compression in the ensuing compression half 

TH-1390_11610705



PHYSICAL MECHANISM OF SONO–FENTON PROCESS 

 77

cycle. Depending on the pressure amplitude of the ultrasound wave and static pressure in the 

medium, the radial motion of the bubble is characterized as stable cavitation and transient 

cavitation. During its radial motion under influence of pressure variation induced by 

ultrasound, the bubble is acted upon by two forces, viz. pressure force and inertial force. The 

dominant force among these two is governed by the expansion of the bubble in the 

rarefaction half cycle, which in turn is governed by the amplitude of the ultrasound wave. For 

sufficiently high pressure amplitude of ultrasound wave (typically greater than the static 

pressure in the bulk liquid medium), the bubble expands to more than double of its original 

size. In the ensuing compression phase, the compression of the bubble is dominated by 

inertial force. The spherical convergence of fluid elements imparts higher and higher kinetic 

energy to the bubble, due to which bubble undergoes a “transient collapse” and gets 

compressed to extremely small size. The transient collapse of the bubble is extremely fast and 

adiabatic during which the bubble wall velocity reaches (or even exceeds) the sonic speed in 

the liquid medium. The bubble can get compressed to extremely small size (typically 1/10th to 

1/100th of original size), and temperature and pressure in it can reach extreme (~ 5000 K, ~ 

500 bar). This essentially creates energy concentration in the medium on extremely small 

spatial and temporal scale, as the bubble collapse occurs in a few tens of nanoseconds. 

During the transient collapse, the bubble contents (which is a mixture of gas and vapor of 

bulk liquid medium) are subjected to extreme conditions generated in the bubble and can get 

dissociated to form various species, some of which are radical species. The most common 

liquid medium used for cavitation assisted reactions is water and the species arising out of 

dissociation of water contain many radicals such as H•, O• and •OH. For small bubbles of few 

microns size and frequencies in the range of 20–100 kHz, transient cavitation is seen for 

ultrasound pressure amplitudes greater than the static pressure on the medium. If the static 

pressure of the medium is raised to moderate levels, keeping the acoustic pressure amplitude 
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constant, the transient cavitation events get eliminated as the static pressure exceeds the 

ultrasound pressure amplitude. In such cases, the bubble undergoes stable, small–amplitude 

oscillatory motion. The temperature and pressure inside the bubble remains almost ambient. 

The ultrasound wave (which is a longitudinal wave comprising of alternate compression / 

rarefaction cycles) also induces high velocity oscillatory motion of the fluid elements, 

commonly known as micro–streaming. However, the liquid properties such as density and 

compressibility are not a strong function of pressure, and hence, the velocity of micro–

streaming is not altered by rise in the static pressure on the liquid medium. 

 The principal chemical effect of cavitation, popularly known as the sonochemical 

effect is generation of highly reactive radicals such as H, O, OH and 2HO . These radicals 

render several beneficial effects on a reaction system such as induction of stubborn chemical 

reaction, acceleration of the reaction kinetics, reduction in the number of steps in a synthesis 

or sometimes a switch of reaction pathway. The principal physical effect of cavitation is 

generation of strong convection in the medium due to five phenomena, viz. ultrasound 

oscillatory velocity, micro–convection (or micro–turbulence), micro–streaming, shock waves 

and micro–jets. As both physical and chemical effects of cavitation occur on extremely small 

spatial and temporal scale, a direct measurement or quantification of these effects would 

require highly sophisticated equipment. However, a much easier (and cheaper) method to get 

a fairly accurate estimate of the magnitudes of physical and chemical effects of cavitation is 

numerical simulations of the bubble dynamics equation, which we rely upon in this study. 

Modeling of cavitation bubble dynamics is an active area of research for past three decades 

and various authors have addressed the matter with different approaches. For greater details, 

we refer the readers to the earlier studies by Krishnan et al. (2006). We have used the 

diffusion limited ordinary differential equation (ODE) model using boundary layer 

approximation proposed by Toegel et al. (2000) for our analysis, which is based on the 

TH-1390_11610705



PHYSICAL MECHANISM OF SONO–FENTON PROCESS 

 79

comprehensive PDE model of Storey and Szeri (2000), who showed that vapor entrapment in 

the cavitation bubble, leading to formation of radicals is essentially a diffusion limited 

process. Large amount of evaporation occurs at the bubble interface during the expansion 

phase of bubble motion, and vapor molecules enter and diffuse towards the bubble core. In 

the subsequent compression phase, the same vapor diffuses back and condenses at the bubble 

wall. However, in the final moments of bubble compression, velocity of the bubble interface 

(or bubble wall) becomes extremely fast and the time scale of bubble motion becomes 

smaller than the time scale of vapor diffusion to bubble wall as well as time scale of 

condensation (or phase change) at the bubble wall. As a result, not all of the vapor that has 

entered the bubble during expansion can escape during compression, and gets “entrapped” in 

the bubble. Another factor that also contributes to entrapment of vapor in the bubble is non–

equilibrium phase change at the bubble interface in the final moments of collapse of the 

bubble. In this case, since the bubble interface moves with extremely high velocity, not all of 

the vapor molecules that diffuse towards the interface stick to it, which gives rise to “non–

equilibrium phase change”. A parameter that represents this process is “accommodation 

coefficient”, which represents the fraction of the vapor molecules that stick to the surface. 

The time scale of condensation varies inversely with the accommodation coefficient. The 

smaller the value of accommodation coefficient the larger the extent of non–equilibrium 

phase change and higher the entrapment of the bubble. Storey and Szeri (2000) have used a 

value of 0.14 for accommodation coefficient. 

 The entrapped vapor is subjected to conditions of extreme pressure and temperature 

reached during collapse. Dissociation of the vapor molecules occurs at these conditions 

resulting in generation of radicals. This model has been extensively described in previous 

studies by Sivasankar and Moholkar (2008), and Kumar and Moholkar (2007). For the 

convenience of the reader, we reproduce here only the main components of the model and 
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relevant data / boundary conditions. For greater details on this model, we refer the reader to 

the studies reported by Sivasankar and Moholkar (2008) and Kumar and Moholkar (2007); as 

well as the original paper of Toegel et al. (2000) and Storey and Szeri (2000). 

 The essential equations and thermodynamic data of this model have been summarized 

in Tables 2.1A and 2.1B. The main components of the model are: 

(1) Keller–Miksis equation for the radial motion of the bubble (Keller and Miksis, 1980). 

(2) Equation for the diffusive flux of water vapor and heat conduction through bubble wall. 

(3) Overall energy balance treating the cavitation bubble as an open system. 

The transport parameters for the heat and mass transfer (thermal conductivity and diffusion 

coefficient) are determined using Chapman–Enskog theory using Lennard–Jones 12–6 

potential at the bulk temperature of the liquid medium. Thermal and diffusive penetration 

depths are estimated using dimensional analysis. Diffusion of gas across bubble interface is 

ignored in the present model as the time scale for the diffusion of gases is much higher than 

the time scale for the radial motion of bubble. The set of four ODEs described in Table 2.1 

was solved simultaneously using Runge–Kutta adaptive step size method (Press et al., 1992). 

 We have considered an air bubble (for aerated solutions) and a nitrogen bubble (for 

de–aerated solution using nitrogen sparging) as the cavitation nuclei for simulations of 

cavitation bubble dynamics in the dye solution. The condition for bubble collapse is taken as 

the first compression after an initial expansion. Various parameters used in the simulation of 

bubble dynamics equation and their numerical values are as follows: Ultrasound frequency (f) 

= 40 kHz; Ultrasound pressure amplitude (PA) = 200 kPa; Equilibrium bubble radius (Ro) = 5 

m; Vapor pressure of liquid medium (water) = 2500 Pa (calculate using Antoine type 

correlation). Various physical properties of water are as follows: density (L) = 1000 kg/m3, 

kinematic viscosity () = 10–6 Pa–s, surface tension () = 0.072 N/m and velocity of sound 

(c) = 1481 m/s. Since the dyes as well as other components of reaction mixture (H2O2, 
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FeSO4·7H2O) are present in very small quantities, we have ignored the change in the physical 

properties of water with addition of these chemicals. 

 

Table 2.1: (A) Model equation for cavitation bubble dynamics 
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Component 
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(B) Thermodynamic data for the model 

Species 
Degrees of freedom 

(translational + rotational) 
(fi) 

Lennard–Jones force 
constants Characteristic vibrational 

temperatures  (K) 
 (10–10 m) /k (K) 

N2 5 3.68 92 3350 

O2 5 3.43 113 2273 

H2O 6 2.65 380 2295, 5255, 5400 

Data taken from Hirschfelder et al. (1954), Condon and Odishaw (1958), Reid et al. (1987) 
 
Notations for Table 2.1: R – radius of the bubble; dR/dt – bubble wall velocity; c – velocity of sound in bulk 

liquid medium; L – density of the liquid;  – kinematic viscosity of liquid;  – surface tension of liquid;  – 

thermal conductivity of bubble contents;  – thermal diffusivity of bubble contents;  – characteristic vibrational 
temperature(s) of the species; Nw – number of water molecules in the bubble; NN2 – number of nitrogen 
molecules in the bubble; NO2 – number of oxygen molecules in the bubble; t – time, Dw – diffusion coefficient of 
water vapor; Cw – concentration of water molecules in the bubble; Cw,R – concentration of water molecules at the 
bubble wall or gas–liquid interface; Q – heat conducted across bubble wall; T – temperature of the bubble 
contents; To – ambient (or bulk liquid medium) temperature; k – Bolzmann constant; hw – molecular enthalpy of 
water; Uw – internal energy of water molecules; fi – translational and rotational degrees of freedom; CV,i – heat 
capacity at constant volume for species i; Ntot – total number of molecules (gas + vapor) in the bubble; h – van 
der Waal’s hard core radius; Po – ambient (bulk) pressure in liquid; PA – pressure amplitude of ultrasound wave; 
f – frequency of ultrasound wave. 

 

2.4.1 Estimation of physical and chemical effects of cavitation 

Sonochemical effect (radical generation by cavitation bubbles): Using the numerical 

solution of bubble dynamics model, one can estimate the composition of the bubble contents 

at the collapse. While calculating the composition of the bubble at the time of collapse, we 

assume that thermodynamic equilibrium is attained (Krishnan et al., 2006). This assumption 

is justified in terms of very high concentrations of different chemical species in the bubble at 

the point of minimum radius (or maximum compression) during radial motion. The bubble 

gets compressed to about 1/100th of original size, and thus, the concentrations of various 

chemical species are of the order of 100 mol/cm3 (Krishnan et al., 2006). Secondly, the 

specific rate constants of many reactions among the species formed out of thermal 

dissociation are of the order of 107 or 108 cm3/mol·s. As an approximation, if the time–scale 

of reaction is considered as inverse of specific kinetic constant, it is at least an order of 
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magnitude higher than the time scale of radial motion of the bubble. Finally, the temperature 

inside the bubble is extremely high at the moment of transient collapse. This also makes the 

kinetics of different reactions among chemical species generated in the bubble very fast. As a 

result of all these factors, the bubble contents are likely to be in thermal equilibrium at all 

times during the radial motion of the bubble (Brenner et al., 2003). 

The equilibrium mole fraction of the various species in the bubble at the conditions of 

temperature and pressure at first the compression of the bubble can be calculated using free–

energy minimization technique (Chemical Equilibrium Calculation, http://navier.engr. 

colostate.edu/ ~dandy/code/code–4/index.html). 

 

Sonophysical effect of cavitation: As noted earlier, the principal physical effect of cavitation 

is generation of convection in the bulk medium through two phenomena, viz. micro–

convection (or micro–turbulence) and shock or acoustic waves. Micro–convection is the 

oscillatory motion of liquid in the close vicinity of the bubble, which induced by volume 

oscillations of the bubble. Shock waves (or acoustic waves) are generated due to reflection of 

the converging fluid elements from bubble interface – when the bubble comes to a sudden 

halt during compression phase of radial motion. This phenomenon is typical for cavitation 

bubbles that contain non–condensable gas. As the bubble is compressed, the pressure inside 

the bubble rises drastically. At certain point of time, when the inertial force of fluid elements 

outside the bubble and the pressure force of non–condensable gas inside the bubble balance, 

the bubble comes to a sudden halt. However, the fluid elements outside the bubble are still 

converging towards the bubble interface at very high speed. These fluid elements are 

reflected back from the bubble interface, which gives rise to a “shock” or “acoustic” wave 

with high pressure amplitude. These waves have several effects, especially in liquid–liquid or 

solid–liquid heterogeneous reaction systems, which help in enhancement of the kinetics of 
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the process. For liquid–liquid heterogeneous system, the shock waves can give fine 

emulsification between phases, while for solid–liquid system, the shock waves can give 

particle size reduction or cleaning of the catalyst surface by desorption of product / catalyst 

poison from the surface. 

The magnitudes of both micro–turbulence and shock waves can be calculated from numerical 

result of bubble dynamics model as follows (Leighton, 1994; Grossmann et al., 1997; 

Moholkar and Warmoeskerken, 2003): 

Micro–convection:  
2

2
,    turb

R dR
V r t

r dt
   
 

 

Shock Waves (or Acoustic Waves): 
22 2

2 2
( , ) 2

4
b

AW

d V R dR d R
P r t R

r dt r dt dt

 


      
   

 

where Vb is the volume of the bubble. A representative value of r is taken as 1 mm. 

Micro–streaming due to ultrasound: The small amplitude of yet rapid oscillatory motion of 

fluid elements as ultrasound wave propagates through the medium is called micro–streaming. 

This phenomenon also gives rise to intense micro–mixing in the medium. The magnitude of 

the micro–streaming velocity (u) is dependent on the pressure amplitude (PA) of the 

ultrasound wave as: u= PA/ρc. In the present study, substituting values of PA as 200 kPa,  = 

1000 kg/m3, and c = 1481 m/s, gives u = 0.135 m/s. 

 Simulations have been conduced for following 4 conditions: (1) Air bubble, 

atmospheric static pressure; (2) Air bubble, elevated static pressure; (3) Nitrogen bubble, 

atmospheric static pressure; (4) Nitrogen bubble, elevated static pressure. 

 

2.5 PRELIMINARY EXPERIMENTAL RESULTS 

 As mentioned in earlier section, we have conducted initial experiments with Acid Red 

B (ARB) dye to assess the optimum values of process parameters that influence the 
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decolorization efficiency through sono–Fenton technique. The results of these preliminary 

experiments are given below: 

 

Effect of iron catalyst addition: To study the effect of this parameter, experiments were 

carried out with different amounts of FeSO4·7H2O and H2O2 in the ARB dye solution with 

initial concentration of 30 mg/L (0.06 mM). The effect of variation of dosages of 

FeSO47H2O (added in the form of solution in Milli–Q water) on decolorization of ARB for a 

constant concentration of 600 mg/L (5.292 × 10–3 M) of H2O2 is shown in Fig. 2.3A. The 

amount of FeSO4·7H2O is varied in the range 20 – 600 mg/L (corresponding to concentration 

of 7.193  10–5 M – 2.158  10–3 M as Fe2+ ion). As the amount of Fe2+ catalyst increases, the 

decolorization rate initially remains almost same, but a small increase in rate was observed 

with 600 mg/L (2.158  10–3 M as Fe2+ ion) addition of iron catalyst. The optimum 

degradation of ARB was obtained at minimum dosage of 50 mg/L (1.798  10–4 M as Fe2+ 

ion) iron catalyst. 

 

Effect of H2O2 concentration: The dependence of ARB decolorization on H2O2 

concentration is shown in Fig. 2.3B. The sono–Fenton process was carried out with different 

H2O2 concentration over a range of 200–1400 mg/L to investigate the optimum condition for 

decolorization of ARB dye solution with concentration of 30 mg/L (0.06 mM). The 

experimental results reveal that after a certain concentration of H2O2, the degradation rate 

decreases, as H2O2 acts as a radical scavenger, which was also reported by Mishra and 

Gogate (2011). However, the optimum concentration of 600 mg/L (5.292 × 10–3 M) H2O2 

was obtained with an initial dye concentration of 30 mg/L (0.06 mM). 

 

Effect of initial dye concentration: The effect of this parameter on decolorization was 
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assessed using different ARB concentrations (in the range 10–30 mg/L), and the results are 

shown in Fig. 2.3C. Although the percentage decolorization at all three initial concentrations 

was similar, for higher initial concentrations of dye, a greater portion of the dye is left in the 

solution. This essentially means that to achieve same absolute decolorization of solutions, 

more sonication time is required for higher dye concentrations. On the basis of these results, a 

dilute concentration of 10 mg/L (0.02 mM) was decided as optimum. 

 

 
(A) 

 
(B) 

 
(C) 

 
(D) 

Figure 2.3: Effect of various parameters in sono–Fenton process for dye decolorization. (A) Effect of 

iron catalyst addition, (B) effect of H2O2 concentration, (C) effect of initial dye concentration, and (D) 

effect of pH on decolorization using sono–Fenton process 

 

Effect of pH on Fenton reaction: A major factor affecting the yield of Fenton reaction is the 

pH of the medium. The effect of pH on decolorization of ARB is shown in the Fig. 2.3D. At 
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higher pH value of the reaction mixture, the degradation of ARB decreases as the Fenton 

reaction is unfavorable at higher pH (due to reduced regeneration of Fe2+ ions). At lower pH 

(pH 2.0 ± 0.1), the maximum degradation was obtained (91.8%), while at higher pH (pH 7) 

the degradation was only around 57.2% with an initial dye concentration of 10 mg/L. On the 

basis of these results, the optimum pH value for sono–Fenton experiments was decided as 2. 

 

2.6 RESULTS AND DISCUSSION 

2.6.1 Experimental results 

 The time history of decolorization of ARB and BLH dyes during 60 min of reaction is 

shown in Figs. 2.4 & 2.5, respectively. The decolorization reaction is very fast and it could be 

seen from Figs. 2.4 & 2.5 that for both dyes, most of the decolorization was achieved in the 

first 10 min of treatment in the categories involving Fenton reagent. Therefore, in Figs. 2.4 & 

2.5, we have separately depicted the trends in decolorization of both dyes for the first 10 min 

in Figs. 2.4(A.2), 2.4(B.2), 2.5(A.2) and 2.5(B.2), with analysis of samples that were 

withdrawn every 2 min. The summary of the decolorization experiments is given in Table 

2.2, which gives the extent of decolorization at the end of 10 min as well as 60 min. The time 

history of decolorization in the first 10 min was fitted to pseudo 1st order kinetics to 

determine the kinetic constant of decolorization. We would like to state that we have not 

explicitly determined the order of the decolorization reaction. The decolorization process 

(which essentially is the oxidation of the dye molecules induced by radicals produced during 

sonication and Fenton reaction) occurs through series of reactions with several intermediates. 

Each of the reaction in decolorization chain will have its own order and rate constant. 

 In view of this difficulty, and the limitations of instrumentation used in the study, we 

have made a simple approximation of 1st order overall reaction behavior, to get a relative idea 

of the kinetics of decolorization under different experimental conditions. Since most of the 
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decolorization in experiments employing Fenton reagent occurred within first 10 min, the 1st 

order kinetic constant for these experiments was calculated only with the decolorization data 

for 10 min. The fitness of the pseudo 1st order kinetic model to the experimental data is 

represented by the regression coefficient (R2), which is also mentioned in Table 2.2. For most 

cases, the value of R2 was greater than 0.8, which indicates suitability of the pseudo 1st order 

kinetics for the time data of decolorization. 

 

 
(A.1) 

 
(A.2) 

 
(B.1) 

 
(B.2) 

 
Figure 2.4: Experimental results for decolorization of ARB dye solution (10 mg/L). (A) 
Decolorization under different combinations of ultrasound and Fenton reagents at atmospheric static 
pressure (A.1 – the time history of total 60 min reaction, A.2 – trends of decolorization in the initial 
10 min). (B) Effect of static pressure on decolorization by sono–Fenton process (B.1 – the time 
history of total 60 min reaction, B.2 – trends of decolorization in the initial 10 min). 
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(A.1) 

 

(A.2) 

 

(B.1) 

 

(B.2) 

 

Figure 2.5: Experimental results for decolorization of BLH dye solution (10 mg/L). (A) 

Decolorization under different combinations of ultrasound and Fenton reagents at atmospheric static 

pressure (A.1 – the time history of total 60 min reaction, A.2 – trends of decolorization in the initial 

10 min). (B) Effect of static pressure on decolorization by sono–Fenton process (B.1 – the time 

history of total 60 min reaction, B.2 – trends of decolorization in the initial 10 min). 

 

 For categories involving only sonication or sonication with H2O2, the rate of 

degradation/ decolorization was linear up to 30 min of treatment, and reduced to zero 

thereafter. Some other observations are as follows: 

 Comparing between the two dyes in all categories of experiments, we see higher 

decolorization for the BLH dye, which is a non–azo category dye. 
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 The total decolorization obtained for both dyes for categories involving Fenton 

reagents was significantly higher than the categories where either sonication alone or 

sonication with H2O2 was applied. 

 The decolorization kinetics as well as total decolorization obtained with Fenton 

reagent coupled with either mechanical stirring or ultrasound was similar. 

 In case of sonication experiments, addition of H2O2 to the dye solution alone does not 

seem to cause any major change in extent of decolorization of the ARB dye, although a 

marginal enhancement in decolorization of the BLH dye is seen. 

For the sono–Fenton process in aerated dye solution (i.e. category 4 and 5 of experiments), 

the extent of decolorization for both dyes is same for both atmospheric as well as elevated 

static pressure. Quite interestingly, in experimental categories 6 and 7, the extent of 

decolorization by the sono–Fenton process (at both atmospheric and elevated static pressure) 

reduces marginally with de–aeration (or essentially de–oxygenation) of the medium for the 

ARB dye. On the other hand, the decolorization of the BLH dye remains unaffected by the 

de–aeration of the medium. 
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Table 2.2: Summary of experimental results of dye decolorization 

Experimental categories and conditions / 
composition of reaction mixture in each category 

ARB dye (10 mg/L) BLH dye (10 mg/L) 
 (%)* 

k1 (min–1)  (%)* 
k1 (min–1) 

10 min 60 min 10 min 60 min 
(1) Sonication alone (50 mL dye solution of 
concn.10 mg/L, Po = 101.3 kPa) 

0.20 ± 0.14 14.04 ± 0.04
0.0003  

(R2 = 0.96) 
4.24 ± 0.38 11.43 ± 0.38 

0.0047 
(R2 = 0.98) 

(2) Stirring + Fenton (50 mL dye solution of 
concn. 10 mg/L + 2.5 mg FeSO47H2O + 27 L 
30% H2O2, Po = 101.3 kPa) 

76.81 ± 1.20 87.72 ± 0.68
0.2 

(R2 = 0.65) 
95.38 ± 0.99 98.68 ± 0.38 

0.33 
(R2 = 0.87) 

(3) Sonication + H2O2 (50 mL dye solution of 10 
mg/L concn. + 27 L 30% H2O2, Po = 101.3 kPa)

4.12 ± 0.70 13.35 ± 0.37
0.004 

(R2 = 0.91) 
7.24 ± 0.94 38.59 ± 0.29 

0.0079 
(R2 = 0.98) 

(4) Sonication + Fenton (50 mL dye solution of 
10 mg/L concn. + 2.5 mg FeSO47H2O + 27 L 
30% H2O2, Po = 101.3 kPa) 

85.9 ± 1.55 91.81 ± 0.73
0.25 

(R2 = 0.77) 
94.06 ± 0.91 100.0 ± 0 0.31 

(R2 = 0.81) 

(5) Sonication + Fenton (50 mL dye solution of 
10 mg/L concn. + 2.5 mg FeSO47H2O + 27 L 
30% H2O2, Po = 200 kPa) 

84.31 ± 1.43 92.04 ± 0.53
0.24 

(R2 = 0.81) 
97.69 ± 0.58 100.0 ± 0 0.42 

(R2 = 0.96) 

(6) Sonication + Fenton (deaerated solution#, 50 
mL dye solution of 10 mg/L concn. + 2.5 mg 
FeSO47H2O + 27 L 30% H2O2, Po = 101.3 kPa)

69.76 ± 1.21 82.72 ± 0.93
0.2 

(R2 = 0.51) 
92.08 ± 1.3 100.0 ± 0 0.31 

(R2 = 0.8) 

(7) Sonication + Fenton (deaerated solution#, 50 
mL dye solution of 10 mg/L concn. + 2.5 mg 
FeSO47H2O + 27 L 30% H2O2, Po = 200 kPa) 

81.35 ± 1.52 87.04 ± 0.53
0.21 

(R2 = 0.85) 
89.44 ± 1.07 100.0 ± 0 

0.27 
(R2 = 0.79) 

* Initial pH of dye solution in all experiments was 2.0. The decolorization efficiency ( in %, as defined in subsection Experimental Procedure) and the kinetic constant for 
each experimental category refers to the mean value  standard deviation of the three experimental runs in that category. # – De–aeration to 2 mg/L of dissolved oxygen 
achieved using sparging the dye solution with nitrogen at flow rate of 40 lit/h. Po – static pressure on the medium. k1 – pseudo 1st order kinetic constant calculated on the basis 
of decolorization obtained in the first 10 min of the reaction. R2 – the regression coefficient 
 

TH-1390_11610705



CHAPTER 2 

92 

2.6.2 Simulations results 

 As stated earlier, the simulations were carried out for four conditions for air and 

nitrogen bubble. Representative simulations results for air bubble at atmospheric static 

pressure are shown in Figs. 2.6–2.9. The summary of the simulations results is given in Table 

2.3 that lists the peak conditions of temperature and pressure reached in the bubble at moment 

transient collapse, the magnitudes of the micro–convection velocity and the acoustic wave 

generated by the cavitation bubble, and the equilibrium composition of chemical species 

generated from dissociation of gas and water vapor inside the bubble at the moment of 

transient collapse. From these results, we can identify some peculiar features of the cavitation 

bubble dynamics at the conditions used in the experiments. 

(1) Both air and nitrogen bubbles undergo intense collapse at atmospheric static pressure. 

The peak conditions reached in the nitrogen bubble are more intense than air bubble. The 

velocity of micro–convection generated by both bubbles is similar, but the acoustic waves 

emitted by nitrogen bubble are stronger than those by the air bubble. The extent of water 

vapor entrapment in nitrogen bubble is higher than air bubble. 

(2) Quite interestingly, although the peak conditions of temperature and pressure reached 

during transient collapse of air bubbles are lower than nitrogen bubble, the radical production 

by air bubble is higher. The number of oxidizing radicals (•O, HO2
• and •OH) produced by the 

air bubble at least two fold higher. We attribute this result to the presence of oxygen in air 

bubble that conserves the radicals formed out of dissociation of water vapor (Sivasankar and 

Moholkar, 2009a, 2009b). 

(3) With rise in static pressure to 200 kPa (or 2 bar), both chemical and physical effects 

of cavitation bubbles get eliminated. The radical production in both bubbles becomes 

practically nil, and the magnitudes of the micro–convection velocity and pressure amplitude 

of the acoustic wave reduces drastically. This essentially means that the contribution of 
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transient cavitation to the overall decolorization process is eliminated with rise in static 

pressure. Application of high static pressure in the medium (greater or equal to the acoustic 

pressure amplitude) can help in segregation of the effects of ultrasound and transient 

cavitation in the medium. 
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Figure 2.6: Simulations of radial motion of a 5 m air bubble in water. f = 40 kHz, PA = 190 

kPa, Po = 101.3 kPa (atmospheric). Time history of (A) radius of the bubble, (B) temperature 

inside the bubble, (C) water vapor evaporation in the bubble, (D) pressure inside the bubble, 

(E) micro–turbulence generated by the bubble, and (F) acoustic waves emitted by the bubble. 
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Figure 2.7: Simulations of radial motion of a 5 m air bubble in water. f = 40 kHz; PA = 190 

kPa; Po = 200 kPa (elevated). Time history of (A) radius of the bubble; (B) temperature 

inside the bubble; (C) water vapor evaporation in the bubble; (D) pressure inside the bubble  

(E) microturbulence generated by the bubble; (F) acoustic waves emitted by the bubble. 
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Figure 2.8: Simulations of radial motion of a 5 m nitrogen bubble in water. f = 40 kHz; PA 

= 190 kPa; Po = 101.3 kPa (atmospheric). Time history of (A) radius of the bubble; (B) 

temperature inside the bubble; (C) water vapor evaporation in the bubble; (D) pressure inside 

the bubble  (E) microturbulence generated by the bubble; (F) acoustic waves emitted by the 

bubble. 
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Figure 2.9: Simulations of radial motion of a 5 m nitrogen bubble in water. f = 40 kHz; PA 

= 190 kPa; Po = 200 kPa (elevated). Time history of (A) radius of the bubble; (B) temperature 

inside the bubble; (C) water vapor evaporation in the bubble; (D) pressure inside the bubble, 

(E) microturbulence generated by the bubble; (F) acoustic waves emitted by the bubble. 
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Table 2.3: (A) Summary of the simulation results (Air and N2 Bubbles) 

Species 

Parameters for simulations 
Air bubble 
Ro = 5 m 

Po = 101.3 kPa 

Air bubble 
Ro = 5 m 

Po = 200 kPa 

Nitrogen bubble 
Ro = 5 m 

Po = 101.3 kPa 

Nitrogen bubble 
Ro = 5 m 

Po = 200 kPa 
Conditions at the first collapse of the bubble 

Tmax = 4013 K 
Pmax = 705.6 MPa 
Vturb = 0.056 m/s 
PAW = 2.53 MPa 

Tmax = 1075 K 
Pmax = 7.78 MPa 
Vturb = 0.008 m/s 
PAW = 0.22 MPa 

Tmax = 4345 K 
Pmax = 786.6 MPa 
Vturb = 0.054 m/s 
PAW = 5.89 MPa 

Tmax = 1106 K 
Pmax = 15 MPa 
Vturb = 0.008 m/s 
PAW = 0.3 MPa 

NN2 = 1.306E+10 
NO2 = 3.471E+9 
NW = 2.026E+9 

NN2 = 1.306E+10 
NO2 = 3.471E+9 
NW = 9.03E+8 

NN2 = 1.653E+10 
NW = 2.872E+9 

NN2 = 1.653E+10 
NW = 1.28E+9 

Equilibrium composition of species in the bubble at collapse 
N2 6.52E–01 7.49E–01 8.26E–01 9.28E–01 
O2 1.30E–01 1.99E–01 2.29E–03 0. 
H2O 9.21E–02 5.20E–02 1.08E–01 7.20E–02 
H 8.15E–04 0. 5.08E–03 0. 
O 6.50E–03 0. 1.47E–03 0. 
OH 2.56E–02 1.12E–07 1.42E–02 0. 
HO2 1.11E–03 0. 8.12E–05 0. 
H2O2 1.69E–04 0. 3.65E–05 0. 
O3 1.67E–05 0. 5.75E–08 0. 
H2 1.79E–03 0. 2.68E–02 6.74E–08 
NO 8.79E–02 7.13E–05 1.61E–02 3.11E–08 
NO2 1.67E–03 1.98E–05 3.76E–05 0. 
HNO 1.55E–04 0. 1.18E–04 0. 
HNO2 1.16E–05 0. 8.73E–07 0. 
HNO3 1.58E–06 0. 1.48E–08 0. 
NH3 1.89E–06 0. 1.24E–04 0. 

 

(B) Net production of various oxidizing species per bubble 

Parameter 
Air bubble 

(Po = 101.3 kPa) 
Air bubble 

(Po = 200 kPa) 
N2 bubble 

(Po = 101.3 kPa) 
N2 bubble 

(Po = 200 kPa)
NOH 4.75E+08 1.95E+3 2.75E+08 0. 

NO 1.2E+08 0. 2.85E+07 0. 

NHO2 2.06E+07 0. 1.58E+06 0. 

NH2O2 3.14E+06 0. 7.08E+05 0. 

 

Notation for Table 2.3: 4.75E+08 should read as 4.75  108, Po – static pressure in the liquid medium; Ro – 
initial radius of the cavitation bubble; Vturb – average velocity of the micro–turbulence in the medium generated 
by ultrasound and cavitation in the medium (estimated at 1 mm distance from bubble center); PAW – pressure 
amplitude of the acoustic wave generated by the cavitation bubble; Tmax – temperature peak reached in the 
bubble at the time of first collapse; Pmax – pressure peak reached in the bubble at the time of first collapse; NW – 
number of water molecules trapped in the bubble; NN2 – number of N2 molecules in the bubble; NO2 – number of 
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oxygen molecules in the bubble; NOH – number of •OH radicals present in the bubble at transient collapse; NH – 
number of H radicals present in the bubble at transient collapse; NO – number of O radicals present in the bubble 
at transient collapse; NHO2 – number of HO2 radicals present in the bubble at transient collapse; NH2O2 – number 
of H2O2 molecules present in the bubble at transient collapse 
 

2.6.3 Analysis and discernment of the synergy in sono–Fenton process 

 Analysis of the experimental and simulation results concurrently helps us to discern 

the mechanism of the hybrid sono–Fenton process, and also identify the links between 

individual (and seeming independent) mechanism of sonochemical and Fenton processes. 

Comparison of results of categories 1 and 2, where the two techniques were applied 

separately, shows that contribution of Fenton process to overall decolorization is much higher 

than sonolysis. Comparison of decolorization obtained in categories 2 and 4 indicates a very 

small rise in decolorization with sono–Fenton process, as compared to Fenton process alone. 

Practically same decolorization as in category 4 is obtained in category 5, in which the 

contribution of transient cavitation effect is eliminated at elevated static pressure. These 

results are clearly indicative of the dominant role played by Fenton process over the 

sonochemical process. The most probable cause leading to this effect is scavenging of the 

•OH radicals generated by the cavitation bubbles by the H2O2 through following reactions,26 

which leads to formation of molecular species causing reduction in the oxidation or 

decolorization potential. 

   2 2 2 2OH + H O H O + HO     (2.7) 

   2 2 2 2H  + H O HO  +  H      (2.8) 

   2 2 2HO  + OH O  +  H O      (2.9) 

The synergy in sonochemical and Fenton process thus seems to be negative. 

 Another factor leading to smaller contribution of sonolysis in the sono–Fenton 

process is the discrete nature of production of •OH radicals by cavitation bubbles. The 

population or number density of cavitation bubbles in the medium is not likely to be uniform 
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volumetrically, and so is the production of •OH radicals through transient cavitation events. 

The concentration of dye molecules in the solution is relatively small (10 mg/L), and hence, 

the probability of dye–radical interaction also comes into picture. Discrete production of •OH 

radicals in the reaction volume, together with low concentration of dye can lead to lower 

utilization of the radicals produced by transient cavitation events for decolorization. The 

dissolved oxygen in the medium is revealed to play major role. The oxygen can conserve •OH 

radicals to generate other oxidizing species like •O and •HO2 through reaction (Gri–Mech, 

http://www.me.berkeley.edu/gri–mech/data/frames.html): 

   2 2OH + O HO  +  O       (2.10) 

At lower concentration of dissolved oxygen (with de–aeration of the medium), as in 

experimental category 6 & 7, the conservation action is reduced, which eventually results in 

loss of radicals resulting in lower decolorization. 

 

2.7 CONCLUSION 

 In this study, we have attempted to discern the mechanism of the hybrid sono–Fenton 

process for decolorization of the textile dyes. The concurrent analysis of experimental results 

with the simulations of cavitation bubble dynamics reveals the links and interactions between 

the individual mechanism of sonolysis and Fenton process. H2O2 added to the medium as one 

of the Fenton reagent scavenges the •OH radicals produced by cavitation bubbles, which 

nullifies their effect, giving a negative synergy between sonolysis and Fenton process. Mere 

addition of H2O2 to the medium during sonolysis does not give much enhancement to 

decolorization, which is attributed to lower vapor pressure of H2O2 due to which it does not 

evaporate and dissociate inside the bubble (to generate additional •OH radicals). Fenton 

reagent (Fe2+ + H2O2), on the other hand, gives volumetrically more uniform production of 

•OH radicals in the solution, and hence, has a dominating contribution to decolorization in the 
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hybrid process. The role of ultrasound and cavitation in the hybrid sono–Fenton process is 

simply physical, i.e. causing intense mixing in the medium. Radical conservation due to 

dissolved oxygen is also revealed to play a major role in effective utilization of •OH radicals 

for decolorization. 
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PHYSICAL MECHANISM OF HYBRID 
AOP SONOLYSIS + FENTON + UV 

 

 

 

 

3.1 INTRODUCTION 

 In the previous chapter, we presented investigations in physical mechanism of the 

hybrid AOP of sono-Fenton. This chapter extends this theme with investigations in the 

synergistic physical mechanisms of different hybrid advanced processes with combination of 

sonolysis, Fenton reaction and UV irradiation. The hydroxyl-complexes of Fe, which may 

form during sono-Fenton process are photoactive. Thus, addition of UV to the sono-Fenton 

helps in utilization of the photo-activity of these complexes for further enhancement of 

degradation. Bisphenol–A (BPA) has been chosen as the model pollutant. BPA is a highly 

versatile hydrocarbon molecule that forms major feedstock for epoxy and polycarbonate 

resins. Epoxy resins are used in surface coatings, laminates, adhesives and composites, while 

polycarbonates find use in communications and electronics, compact disks and associated 

equipment and appliances. Due to this ubiquitous application, BPA is released into the 

environment through many outlets such as landfill leachates and wastewater discharge from 

paper and plastics industries. According to US Environmental Protection Agency report, the 

total release of BPA is 1,132,062 pounds; of which 122,965 pounds are released to air, 6,246 

pounds to water directly, 14,972 pounds released on-site to land, and 684,638 pounds 
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transferred off-site to land (Bisphenol-A action plan, 2010). Presence of BPA in landfills and 

in water bodies like rivers and lakes is of growing concern as BPA can interfere with 

hormonal activities leading to detrimental effects on the ecosystem and human health. Being 

a phenolic compound, BPA is not easily degraded by conventional biological processes. With 

experiments that alter the characteristics of the ultrasound and cavitation phenomena, we 

have attempted to elucidate the links between the individual mechanisms of the sonolysis and 

Fenton process coupled with UV irradiation. 

 

3.2 MATERIALS AND METHODS 

3.2.1 Materials 

 The following chemicals have been used in this present study: bisphenol–A, ferrous 

sulfate heptahydrate (FeSO4·7H2O), hydrogen peroxide (30% v/v), sulfuric acid (98%), 

titanium dioxide, sodium hydroxide pellets (NaOH), acetonitrile (HPLC grade). All the 

chemicals were purchased from Merck India and used as received without any further 

treatment. Ultrapure water (≥ 18 MΩ–cm resistivity at 25oC) from Milli–Q Synthesis unit 

(Millipore®, USA) was used for preparation of solutions in all experiments. 

 

3.2.2 Experimental setup 

 The experimental setup for the sono–Fenton process (either at atmospheric or elevated 

static pressure) was the same as used in our previous studies (Chakma and Moholkar, 2013a, 

2011). The experiments with sono–photo–Fenton process were carried out using a 250 mL 

beaker made of borosilicate glass (height – 116 mm, OD – 62 mm, thickness – 1.5 mm). A 

blended high pressure mercury UV lamp (Starlite, 160 W) was used for the UV–assisted 

experiments. This lamp had a maximum peak emission wavelength at 365 nm (UV–A 

category). However, it also had emissions at other wavelengths. A typical energy distribution 
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spectrum of a high pressure mercury UV–A lamp (similar to the one used in the present 

study) is shown in Fig.3.1. 

 

 
 

Figure 3.1: Typical spectral energy distribution for the UV lamp of category UV–A. [Source: 

CureUV.com, http://lib.store.yahoo.net/lib/yhst-12627748266280/dwg-uva-lamp-spectral-output.pdf] 

 

 The schematic diagram of the experimental setup is given in Fig. 3.2. The control (or 

base case) experiments were carried out using a mechanical stirrer operated at 300 rpm. An 

ultrasound bath (JeioTech, Model: UC–10, Dimensions (LH): ) with frequency of 40 kHz and 

theoretical power of 200 W was used for sonication of the medium. The reaction beaker was 

placed at the exact center of the bath. Thus, the average distance of the beaker wall from the 

sides of the bath was 9 cm and 12 cm each. The distance of the beaker from the bottom of the 

bath was 7 cm. As the acoustic and cavitation intensity in the bath shows significant spatial 

variation (Gogate et al., 2002), the above parameters were scrupulously maintained constant 

in all experiments, which would avoid the artifacts. The UV lamp was positioned on the top 

of the reaction beaker, as shown in the schematic diagram in Fig. 3.2. The distance between 

the lamp and the surface of the reaction solution in the beaker was 14 cm. We would like to 

specify that due to relatively smaller reaction volume and also the geometric constraints, the 

usual arrangement of immersing the UV lamp in the reaction solution in a quartz sleeve could 
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not be followed. Arrangement of the UV lamp used in the present study may result in 

relatively small access of UV radiation. However, this effect is uniform in all experiments, 

and thus, does not affect the relative trends in BPA degradation in different experimental 

categories. 

 

 

(A) 

 

 

(B) 

Figure 3.2: Schematic diagram of experimental setup for degradation of Bisphenol–A using sono–

Fenton+UV hybrid process. (A) Front view and (B) Top view of the experimental setup. (1) 

Ultrasound bath, (2) transducer, (3) high pressure mercury UV lamp, (4) beaker for reaction solution, 

(5) burette stand 

 

 The bath was filled with 7 L water that acted as bulk medium for ultrasound. This 

water was replaced every 10 min to control rise in temperature during sonication. With this 
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procedure the temperature of the bulk medium was maintained at 25oC (± 2oC) in all 

experiments. For experiments under an unsaturated or de–aerated medium, the unsaturation 

was done by the method described by Chakma and Moholkar (2011). For this purpose, the 

medium (water) was subjected to vacuum for 60 min using a Riviera vacuum pump (Model: 

TID–25–S) producing a vacuum of 600 mm Hg (or 160 mm Hg pressure) with intense 

stirring. The acoustic pressure amplitude of the ultrasound waves generated by transducers in 

the bath was determined using calorimetric technique as ~ 190 kPa or 1.9 bar. This 

corresponds to the acoustic energy intensity of 1.2 W/cm2 and a volumetric energy 

dissipation of 8.71 W/L. The exact calculations of these parameters are given in Annexure-I. 

Typically, only the cavitation bubbles with initial size much smaller than the resonance size 

corresponding to the ultrasound frequency of 40 kHz (i.e. 83 µm) undergo transient motion. 

The initial size of the cavitation bubbles varies significantly. Usually, the cavitation bubbles 

with initial size in the range of 2 to 10 µm undergo transient motion. Bubbles bigger than 

these sizes attain buoyancy during their growth in radial motion, and escape the medium; and 

thus, do not contribute to the sonochemical effect. For bubbles with initial size much smaller 

than the resonant size, the transient cavitation threshold (i.e. the minimum pressure amplitude 

of ultrasound wave required for occurrence of transient radial motion) is the static pressure of 

the medium (Leighton, 1994). Rise in the static pressure of the medium above the pressure 

amplitude of the ultrasound wave can thus eliminate transient cavitation in the medium. This 

forms the rationale underlying the experimental category of elevated static pressure, as 

explained in the subsequent section. 

 

3.2.3 Experimental protocols and analysis 

 A 100 mg/L stock solution of BPA was prepared and stored in a refrigerator not more 

than one week. The reaction solution (50 mL) in all experiments was prepared by diluting this 
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stock solution to 10 mg/L (or 4.3 × 10–2 mM). Experiments were carried out in 10 categories 

with different protocols, as described in Table 3.1. Prior to the main set of experiments, we 

have conducted several preliminary experiments, in which the influence of parameters such 

as initial concentration of Fe2+, initial concentration of H2O2 and method of addition of H2O2 

in the reaction mixture was investigated. On the basis of these experiments, the optimum 

values of these parameters were decided as: [Fe2+] = 0.36 mM, [H2O2] = 7.85 mM. The 

optimum value of H2O2 was limited by the scavenging of the radicals by the excess H2O2, 

while the optimum concentration of Fe2+ was decided on the basis of plateau obtained in the 

extent of degradation with increasing Fe2+ concentration. More details about the preliminary 

experiments are given in the next section (preliminary experimental result). pH value of the 

reaction mixture was fixed as 2 for Fenton, sono–Fenton or sono–photo–Fenton categories of 

experiments on the basis of our previous study (Chakma and Moholkar, 2013a). For photo–

Fenton and sono–photo–Fenton categories; the UV lamp was placed right above the reaction 

beaker. Moreover, the whole experimental setup was placed in a black box to avoid light 

radiation diffusion. Before initiation of UV assisted experiments, the UV lamp was kept 

switched on for 15 min to establish a uniform UV field in the black box. In the first set of 

experiments, the degradation of BPA was monitored by withdrawing 1 mL aliquots of 

reaction mixture every 10 min. However, it was observed that the rate of degradation was 

very fast in the initial reaction period of 10 min. Hence, in the second set of experiments, the 

degradation in the initial 10 min was monitored more closely with sample withdrawal period 

reduced to 2 min. The total time of treatment of BPA solution in all categories of experiments 

was 60 min. For experiments with elevated static pressure, the pressure in the reaction flask 

was released during the withdrawal of aliquots of reaction mixture. The pressure was restored 

prior to re–commencement of sonication. The pH of the aliquots of reaction mixture was 

adjusted to 7.5–8 so as to terminate the Fenton reaction. This also resulted in formation of 
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floc of Fe(III). This iron–floc was filtered through a 0.22 µm filter paper for further analysis 

of BPA. The method for determination of hydrogen peroxide (H2O2) generated by cavitation 

is described in the next section. 

 

Table 3.1: Summary of experimental results 

Category of experiment # # η (%) 
k (s–1) R2 

10 min 60 min 
1 Sonolysis (base case) 4.3 ± 0.38 19.9 ± 0.67 7.66 × 10–5 0.96
2 Sonolysis + H2O2 6.1 ± 3.54 20.0 ± 0.71 1.09 × 10–4 0.88
3 Sonolysis + Fe2+ 16.3 ± 0.53 33.9 ± 1.87 3.18 × 10–4 0.98
4 MS-Fenton 79.1 ± 0.35 91.2 ± 0.35 3.39 × 10–3 0.89
5 Sono-Fenton 

(aerated solution) 
89.9 ± 2.24 98.7 ± 1.04 9.22 × 10–3 0.90

6 Sono-Fenton 
(de-aerated solution) 

86.5 ± 1.1 98.7 ± 1.09 4.98 × 10–3 0.98

7 Sono-Fenton  
(aerated solution, Po = 200 kPa) 

87.6 ± 2.77 98.7 ± 0.35 3.67 × 10–3 0.99

8 Sono-Fenton  
(de-aerated solution, Po = 200 kPa) 

87.3 ± 0.63 95.2 ± 0.40 3.2 × 10–3 0.99

9 MS-Fenton + UV* 76.5 ± 3.38 91.9 ± 1.86 4.76 × 10–3 0.95
10 Sono-Fenton + UV* 62.7 ± 3.21 86.5 ± 0.93 2.6 × 10–3 0.84
Experimental conditions: [BPA] = 10 mg/L (4.3×10–2 mM), [Fe2+] = 0.36 mM, H2O2 = 7.85 mM,  
 
Notations: η – degradation efficiency in (%) at pH 2; k – pseudo 1st order kinetic constant (s–1) 
calculated using reaction data for 10 min; R2 – regression coefficient; ## – All experiments conducted 
at atmospheric static pressure (Po = 101.3 kPa) unless otherwise stated. 
 
* In addition to these experiments with application of UV, we have also conducted experiments in the 
category of sonolysis + UV, H2O2+UV (with mechanical stirring) and H2O2+sonolysis+UV. The 
results of these experiments are given in the Annexure-II. However, the net degradation of BPA 
obtained for these experimental categories was small (in the range of 10–20% only). Since the peak 
emission wavelength of the UV source in this study was 365 nm, which is far away from the peak 
absorption wavelength of 254 nm for H2O2, the net utilization of UV irradiation for photochemical 
cleavage of H2O2 is limited, which is manifested in smaller degradation for these experimental 
categories. 

 

3.2.4 Determination of H2O2 formation as dosimeter of transient cavitation 

 The amplitude of the ultrasound wave in the bath used in our experiments was 1.9 bar. 

For atmospheric static pressure (1 bar), this pressure amplitude is sufficient for occurrence of 
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transient cavitation in the medium, which induces the sonochemical effect. However, in order 

to further ensure this, we have assessed the formation of H2O2 with ultrasound irradiation (or 

sonication) using water as the liquid medium. The thermal dissociation of water in the 

cavitation bubble during transient collapse causes formation of •OH radicals, which are 

released into the medium. These radicals can combine to form H2O2. Thus, formation of 

H2O2 with ultrasound irradiation is an indication of occurrence of transient cavitation. Fig. 

3.3 depicts the formation of hydrogen peroxide during sonication of water taken in the 

reaction beaker. 

 

(A) 
 

(B) 
 

Figure 3.3: Corroboration of occurrence of transient cavitation in reaction beaker with H2O2 

dosimeter (Generation of H2O2 during sonolysis of ultrapure water (50 mL) at frequency of 40 kHz 

and temperature of 25oC) 

 

Hydrogen peroxide was determined spectrophotometrically as yellow pertitanic acid, 

TiO2·H2O2, from its reaction with an excess of aqueous Ti4+, as described by Eisenberg 

(1943). For convenience of the reader, we briefly outline it as follows: 1 g of anhydrous TiO2 

is digested in 100 mL of concentrated sulfuric acid for 18 h at a temperature of 160oC. The 

solution is then cooled down to room temperature and diluted using ultrapure water to make a 

final volume of 500 mL. The final solution is filtered through a 0.22 µm filter paper to 
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separate any particles. To determine the hydrogen peroxide, a standard plot with different 

concentrations of H2O2 was prepared. In this procedure, 1 mL of titanium sulfate reagent is 

added to 10 mL of H2O2 solution, which gives a yellow color instantly with stability of 6 h.41 

The yellow color appearing after the addition of titanium sulfate is due to the formation of 

pertitanic acid (TiO2·H2O2) (Treadwell and Hall, 1935). The formation of pertitanic acid 

through reaction of titanium sulfate with hydrogen peroxide is as follows (Eisenberg, 1943): 

   4+ +
2 2 2 2 2 2Ti  + H O  + 2H O  TiO H O + 4H    (3.1) 

This pertitanic acid (TiO2·H2O2) shows a maximum absorbance at a wavelength of 407 nm 

under a UV–Vis spectrophotometer. 

 

3.2.5 Analytical technique for BPA 

 The filtrate was analyzed for residual BPA using HPLC (Shimadzu, Model: SPD–

20A) with UV detector at 276 nm. The HPLC was equipped with a reverse phase C–18 

column (250 mm × 4.6 mm, 5 µm). The mobile phase was a mixture of acetonitrile and water 

(70:30 v/v) with a flow rate of 0.5 mL/min. In addition, removal of total organic carbon 

(TOC) in the reaction solution with mineralization was analyzed using an Aurora TOC 

analyzer (O–I–Analytical, Model: 1030). 

 The intermediate species of the BPA degradation were identified using a mass 

spectrophotometer (Waters Q–Tof Premier & Aquity UPLC). A representative mass 

spectrum of the aliquot of reaction mixture (drawn after 10 min) for sono–photo–Fenton 

treatment is given in Fig. 3.4. Comparative analysis of this spectrum vis–à–vis the spectra 

reported in published literature helps to identify some of the intermediates of the BPA 

degradation (Poerschmann et al., 2010; Molkenthin et al., 2013). The chemical structures of 

intermediates identified in our analysis along with molecular weights are listed in Table 3.2. 
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(A) 

 

(B.1) 

 

(B.2) 

 

Figure 3.4: Mass spectrum of the reaction mixture for sono–photo–Fenton process for BPA 

degradation. (A) ES– spectrum, (B.1) ES+ complete spectrum and (B.2) enlarge version for m/z in 

ES+ mode 
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Table 3.2: Intermediates with structures and molecular weight detected during (sono–Fenton 

+ UV) degradation of BPA 

Mol. Wt. Chemical Structure Reference 

118 a 
HOOC C

H
COOH

CH3
Poerschmann 
et al. (2010) 

128 a 
H3C O

CH3

O
Molkenthin 
et al. (2013) 

138 a COOHHO
Poerschmann 
et al. (2010) 

226 b C
H

C

CH3

OHHO
Poerschmann 
et al. (2010) 

228 a C

CH3

CH3

HO OH -- 

270 a C O CHHO

CH3

CH3

CH3

CH3

Poerschmann 
et al. (2010) 

335 a 
H2
C C

CH3

CH3

OHHO

OH

Poerschmann 
et al. (2010) 

351 a 
H2
C O CHO

CH3

CH3

OH

OH

Poerschmann 
et al. (2010) 

362 b 

OH

C

H3C

CH3

OH

C

CH3

CH3

HO

Poerschmann 
et al. (2010) 

a – intermediates detected in ES– mode, b – intermediate detected in ES+ mode 

 

 It should be specifically mentioned that the main objective of this study is to establish 

the physical mechanism, and not to establish the chemical mechanism or pathway of the 

degradation of BPA in hybrid advanced oxidation processes. Therefore, we have not given 

significant emphasis to determine of all the intermediates. The intermediates detected in our 

experiments essentially indicate that the degradation of BPA is induced by the •OH radicals, 
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which corroborates the chemical mechanism of BPA degradation reported by numerous 

earlier authors. As far the objectives of the present study are concerned, this corroboration is 

sufficient for the interpretation and analysis of the results. Interested readers are requested to 

refer to the papers published by Katsumata et al. (2004), Inoue et al. (2008), and Torres et al. 

(2007, 2008) for more detail about the intermediates of BPA degradation and the dominant 

chemical pathway of degradation. 

 

3.3 PRELIMINARY EXPERIMENTAL RESULTS 

Determination of optimum H2O2 concentration: The Fenton reagent consists of Fe2+ and 

H2O2. The amount of H2O2 present in the Fenton reagent (whether sub–stoichiometric or 

stoichiometric or above–stoichiometric with respect to the Fe2+ ions) plays an important role 

in the Fenton process. To determine the optimum amount of H2O2 in the Fenton process for 

degradation of bisphenol–A (BPA) with an initial concentration of 10 mg/L (4.3×10–2 mM), 

different amounts of H2O2 were added to the reaction mixture with a fixed quantity of 

FeSO4·7H2O (20 mg/L or 7.2×10–5 M as Fe2+ ions). The addition of H2O2 (30% v/v) in the 

mixture was in the range of 10 – 60 µL (corresponding values 1.96–11.75 mM). The results 

of degradation are shown in Fig. 3.5A. Initially, the degradation rate is proportional to the 

concentration of H2O2. But at the highest concentration of H2O2 (11.75 mM) in the reaction 

mixture, the degradation rate decreases. A plausible cause leading to this effect is scavenging 

of radicals by excess H2O2 instead of production of additional •OH radical in the system. In 

the previous chapter, we have discussed this effect in greater detail. The optimum 

concentration of H2O2 is thus determined to be 7.85 mM for degradation of 10 mg/L (4.3×10–

2 mM) Bisphenol–A. This has been used in the main experiments reported in this chapter. 

 

Determination of optimum Fe2+ concentration: As stated in the above section, Fe2+ is the 
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second component of the Fenton reagent. To investigate the effect of Fe2+ ions in the sono–

Fenton process, the amount of Fe2+ in the Fenton reagent was varied between 0.036 and 0.72 

mM, while keeping the amount of optimum value of H2O2 at 7.85 mM, as determined in the 

previous section. The experimental results are shown in Fig. 3.5B. It could be seen that as the 

concentration of Fe2+ in the reaction mixture increases, the degradation rate also increases. 

For Fe2+ concentration at 0.72 mM, almost 100% degradation was achieved. Although the 

rate of degradation increased with higher concentration of Fe2+, the total extent of 

degradation of BPA was almost same for Fe2+ concentrations of 0.36 and 0.72 mM. With 

these results, the optimum concentration of Fe2+ ions was fixed at 0.36 mM with 

corresponding H2O2 concentration being 7.85 mM. 

 

Methods of introduction of H2O2 in reaction mixture and their consequences: In the two 

preceding sections, it has been shown that the degradation efficiency of BPA decreases with 

excess H2O2. This essentially is the effect of radical scavenging by H2O2. In order to 

investigate this effect, we have also conducted experiments with stepwise addition of H2O2 at 

different time intervals. The total amount of hydrogen peroxide (30% v/v) to be added to the 

reaction solution was 40 µL, which make the concentration of H2O2 in the reaction solution 

as 7.85 mM. The addition of this quantity of H2O2 was done with three different techniques: 

(A) entire 40 µL (30% v/v) was added at the start of experiment, (B) two step addition, i.e. 20 

µL of 30% v/v H2O2 was added initially followed by an equal amount addition after 30 min 

of reaction, and (C) three step addition, i.e. 20 µL of 30% v/v H2O2 was added initially, and 

10 µL of 30% v/v H2O2 added after each 20 min of reaction. The trends in BPA degradation 

with these techniques of H2O2 addition are shown in Fig. 3.5C. Although, the total 

degradation of BPA obtained with three techniques was almost the same, a higher initial 

degradation rate was seen for category B. 
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(A) (B) 

 

 

(C) 

 

Figure 3.5: (A) Effect of H2O2 concentration on degradation of Bisphenol–A. Experimental 

conditions: [Fe2+]0 = 7.2 × 10–2 mM, [BPA]0 = 4.3 × 10–2 mM; pH = 2; (B) Effect of Fe2+ 

concentration. Experimental conditions: [H2O2]0 = 7.85 mM, [BPA]0 = 4.3 × 10–2 mM; pH = 2; (C) 

Effects of H2O2 addition. Experimental conditions: [Fe2+]0 = 0.36 mM and [BPA]o = 4.3×10–2 mM, 

[H2O2]0 = total 40 µL of 30% v/v added to 50 mL. A – Total initial addition of 40 µL of 30% v/v 

H2O2; B – 20 µL of 30% v/v H2O2 addition initially, followed by an equal amount added after 30 min 

of reaction, C – 20 µL of 30% v/v H2O2 addition initially, and 10 µL of 30% v/v H2O2 added after 

each 20 min of reaction. 
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3.4 SYNERGISM EFFECTS IN HAOPS: SOME CONJECTURES AND 

CONTEMPLATIONS 

 Prior to presentation of the experimental results and the analysis for determination of 

the physical mechanism of BPA degradation, a preamble is presented below that tries to 

identify possible synergies between the mechanism of sonolysis and Fenton process coupled 

with UV irradiation. 

 

Sonolysis + UV: In sonolysis, the water vapor entrapped in the cavitation bubble undergoes 

thermal dissociation to produce numerous radicals like •H, •OH, •O and 2HO . These radicals 

are released into the medium with fragmentation of the bubble during transient collapse, 

where they react with pollutant molecules to induce oxidation reactions that lead to 

degradation of the pollutant. However, for dilute concentration of the pollutants, the 

probability of interaction of radicals and pollutant molecule is low. Under such 

circumstances, the radicals may recombine. Combination of •OH radicals (with oxidation 

potential of 2.8 eV) generates H2O2 (with oxidation potential of 1.77 eV), which is a loss of 

oxidation potential. UV irradiation of the reaction mixture can cause re–splitting of this H2O2 

that regenerates the •OH radicals: 2 2H O + h 2 OHv  . In addition to H2O2 generated 

through transient cavitation, external addition of H2O2 to the reaction mixture enhances the 

efficiency of photolysis. The peak absorption wavelength of H2O2 is 254 nm. In the context 

of present study, the peak emission wavelength of the UV source is 365 nm, but it still has 

finite (yet reduced) emissions at 254 nm (Fig. 3.1). Therefore, synergy between sonolysis and 

UV is possible in our experiments. 

 

Sonolysis–Fenton process: The chemistry of the Fenton process is well known. In this case, 

the •OH radicals are generated by reaction of Fe2+ and H2O2 with oxidation of Fe2+ to Fe3+. 
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Simultaneously, reduction of Fe3+ ions by 2HO  radicals regenerates Fe2+. As noted earlier, in 

dilute solution of the pollutants, recombination of •OH radicals formed during transient 

bubble collapse leads to formation of H2O2. The Fe2+ ions can react with H2O2 generated 

through cavitation bubbles to form •OH radicals (even in the absence of externally added 

H2O2). Moreover, the 2HO  radicals generated through collapse of transient cavitation 

bubbles can also help regeneration of Fe2+ ions. If H2O2 is externally added to the reaction 

mixture, as a component of the Fenton reagent, it may also evaporate into the bubble and be 

dissociated to •OH radicals during transient collapse. However, in our previous studies 

(Chakma and Moholkar, 2013a; Bhasarkar et al., 2013), we have noticed that excess 

concentration of H2O2 in the reaction mixture can result in scavenging of radicals through 

reactions: 

   2 2 2 2OH + H O H O + HO     (3.2) 

   2 2 2OH + HO O  + H O       (3.3) 

 

Fenton process + UV: Hydrolysis of Fe3+ in aqueous solution leads to formation of several 

Fe(III)–hydroxy complexes. Under irradiation by UV–light, these complexes can break down 

to regenerate Fe2+ with formation of additional •OH radicals. Some reactions in this category 

(for medium pH  5) are as follows (Feng and Nansheng, 2000): 

   3+ 2+ +
2Fe + H O Fe(OH) + H    (3.4) 

   3+ + +
2 2Fe + 2H O Fe(OH)  + 2H    (3.5) 

   3+ 4+ +
2 2 2Fe + 2H O Fe (OH)  + 4H    (3.6) 

In addition to the above, formation of 3+
2 6Fe(H O)  species has also been reported  (Langford 

and Carey, 1975; Benkelberg and Warneck, 1995). The photolysis of the Fe(OH)2+ complex 

can occur in following way (Baxendale and Magee, 1955; Faust and Hoigne, 1990): 
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   2+ 2+Fe(OH)  + h  Fe  + OHv     (3.7) 

Feng and Nansheng (2000) have calculated the distribution of hydrolytic Fe(III) salts in 

aqueous solutions at pH ≤ 5. For a low solution pH of 2, as used in this study, the dominant 

hydrolytic species are Fe(OH)2+ and 3+
2 6Fe(H O) . The peak absorption wavelengths of these 

complexes are 297 and 240 nm, respectively. The UV source used in this study has finite (yet 

reduced) emissions in these wavelengths. Hence, the photolytic decomposition of hydrolytic 

Fe(III) complexes can occur in the reaction system of the present study. This is a possible 

synergy between techniques of Fenton process and UV. It should be mentioned, however, 

that H2O2 added to the reaction medium can also absorb UV radiation and undergo splitting 

to form •OH radicals. This process would reduce the H2O2 utilization in the Fenton process. 

However, as mentioned earlier, the peak emission wavelength of UV source used in the 

present study is 365 nm, which is far removed from the peak absorption wavelength of 254 

nm for H2O2. Thus, due to relatively lower energy intensity of 254 nm emission for the UV 

source used in this study, the photochemical cleavage of H2O2 to •OH radicals is likely to be 

insignificant. Hence, the predominant utilization of externally added H2O2 is for the Fenton 

process. With this preamble, we now present and discuss our results. 

 

3.5 RESULTS 

 The results of the experiments are described in Figs. 3.6–3.8, which show the 

degradation profile of BPA with time in different experimental protocols. Fig. 3.9 shows the 

percentage of TOC removal (or fraction of initial BPA completely mineralized) after 60 min 

of treatment. One peculiar feature of the rate of degradation in all experimental categories is 

the non–uniformity of degradation with respect to time. The rate of degradation is much 

faster in the initial 10 min and a significant fraction of total degradation occurs in this period 

only. The rate of degradation decreases markedly thereafter. As stated earlier, we have 
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monitored the degradation of BPA more closely for the initial 10 min. The degradation 

profile for the initial 10 min has been shown separately in Figs. 3.6–3.8, besides the total 

degradation profile for 60 min. 

 

 

 

(A) 

 

(B) 

 

Figure 3.6: Degradation profile of BPA with time in individual advanced oxidation processes. (A) 

Degradation profile for total 60 min reaction, and (B) Degradation profile in the initial 10 min. 

Experimental conditions: f = 40 kHz, [Fe2+]0 = 0.36 mM, [H2O2]0 = 7.85 mM, [BPA]0 = 4.3 × 10–2 

mM. 
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(A) (B) 
 

Figure 3.7: Degradation profile of BPA in different combinations of sonolysis and Fenton process 

coupled with UV. (A) Degradation profile for total 60 min reaction, and (B) Degradation profile in the 

initial 10 min. Experimental conditions: f = 40 kHz, [Fe2+]0 = 0.36 mM, [H2O2]0 = 7.85 mM, [BPA]0 = 

4.3 × 10–2 mM 

 

(A) 
 

(B) 
 

Figure 3.8: Degradation profile of BPA in sono–Fenton process at atmospheric and elevated static 

pressure. (A) Degradation profile for total 60 min reaction, and (B) Degradation profile in the initial 

10 min. Experimental conditions: [Fe2+]0 = 0.36 mM, [H2O2]0 = 7.85 mM, [BPA]0 = 4.3 × 10–2 mM. 
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 The summary of results of the degradation experiments, i.e. degradation achieved in 

the first 10 min of treatment and overall treatment of 60 min, is given in Table 3.1. Also 

given in Table 3.1 is the pseudo 1st order kinetic constant for degradation. This constant has 

been calculated using the degradation data obtained for the first 10 min only. We would like 

to specifically mention that reason underlying this approach of calculation of kinetic constant 

is the non–uniformity of degradation with time, as noted above. The salient features of the 

experimental results as observed from Figs. 3.6–3.8 and Table 3.1 are as follows: 

(1) The extent of degradation for sonolysis and sonolysis + H2O2 is practically the same, 

while a significant rise in degradation is seen for the category sonolysis + Fe2+. 

(2) Practically same degradation is seen for categories of Fenton process and Fenton + 

UV process with mechanical stirring. 

(3) The total degradation of BPA (in 60 min of treatment) obtained in 4 categories of 

sono–Fenton (with combinations of aeration/ de–aeration and atmospheric/ elevated static 

pressure) is practically the same. Moreover, it is only slightly higher (~ 8%) than the Fenton 

process with mechanical stirring. However, as compared to the degradation with sonolysis as 

an individual process, there are ~ 5 enhancements in degradation. The pseudo first order 

kinetic constant for BPA degradation in the 4 categories of sono–Fenton process shows 

significant variation. The highest kinetic constant (9.22  10–3 s–1) is for the aerated solution 

at atmospheric static pressure. With de–aeration of the solution, this constant reduces by ~ 

45%. With elevation of static pressure, the kinetic constant reduces by more than 50%. 

Interestingly, for both aerated and de–aerated solutions at elevated static pressure, the kinetic 

constant is very similar. 

(4) Comparison of BPA degradation for the hybrid process of Fenton + UV with 

individual Fenton process (with mechanical stirring) shows practically similar values of total 

degradation in 60 min. However, a significant rise of ~40% is seen in the pseudo first order 
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kinetic constant of degradation. 

(5) Finally, BPA degradation obtained with a triple combination of (sonolysis + Fenton + 

UV) process is faster than individual degradation obtained for sonolysis, but it is slower than 

the degradation for the Fenton process (with mechanical stirring). The same argument holds 

true for the pseudo first order kinetic constant for these processes. Comparison of the 

degradation for (sonolysis + Fenton + UV) process with sono–Fenton process (with all 4 

versions with aerated/de–aerated solution and atmospheric/elevated static pressure) reveals 

reduction of total degradation as well as the pseudo first order rate constant. 

 

3.6 DISCUSSION 

 Analysis of the experimental results vis–à–vis the possible synergies between the 

individual AOPs of Fenton process and sonolysis coupled with UV irradiation mentioned in 

section 3 help us to discern the mechanism of the hybrid AOPs. As far as individual 

effectiveness of sonolysis and Fenton process is concerned, Fenton is 4 more efficient than 

sonolysis. It should be noted that the pKa value of BPA is in between 9.6 and 11. The pH of 

BPA solution in all experiments was 2. Thus, BPA exists in molecular (or un–dissociated) 

form in all experiments in the solution. As in the analysis of the physical mechanism of the 

sonochemical degradation of recalcitrant organic pollutants reported by Sivasankar and 

Moholkar (2009), the predominant location of degradation of BPA will be the bulk solution. 

Three factors that contribute to this effect are: low vapor pressure of BPA (~ 5 mPa at 295 K) 

due to which its evaporation in the cavitation bubble is negligible, molecular form of BPA at 

the solution pH of 2, and the –OH groups present in BPA, which can impart polar and 

hydrophilic character to the molecules, due to which they prefer to stay in the bulk region – 

rather than at the bubble interface (which has a hydrophobic character). 

(1) The possible cause underlying the negligible difference between sonolysis and 
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sonolysis+H2O2 could be the scavenging effect of H2O2. Evaporation of H2O2 into the 

cavitation bubble leads to generation of additional •OH radicals, but at the same time H2O2 

present in the reaction mixture may scavenge it, hampering its utilization for BPA 

degradation. 

(2) Significant rise in BPA degradation for category (sonolysis + Fe2+) as compared to 

sonolysis alone is clearly attributed to regeneration of •OH radicals by reaction of Fe2+ and 

H2O2 generated due to recombination of radicals generated by transient cavitation. More than 

4–fold enhancement in BPA degradation in for sonolysis + Fe2+ category as compared to 

sonolysis alone is clearly attributed to marked enhancement in •OH radical regeneration by 

Fenton reaction. 

(3) In sono-Fenton process (at atmospheric static pressure), the oxidation radicals are 

generated by both cavitation bubbles as well as Fenton reactions. However, large rise in the 

extent of BPA degradation in sono-Fenton process, as compared to sonolysis alone clearly 

indicates dominant generation of •OH radicals through Fenton route than sonolysis. 

 Comparison of kinetics of the BPA degradation with sono–Fenton under aerated (or 

oxygenated) or de–aerated (or de–oxygenated) condition reveals a significant role of 

dissolved oxygen in the process. Presence of dissolved oxygen in the reaction solution can 

help conservation of H•, •OH and •
2HO  radicals (generated through dissociation of water 

vapor during transient cavitation) through various reactions given below (Sivasankar and 

Moholkar, 2009), which results in generation of alternative oxidizing radical species: 

   2 2OH +O    O +HO       (3.8) 

   2 2H +O   HO       (3.9) 

   2H +O   O + OH       (3.10) 

   2 2OH+ OH  H O       (3.11) 
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   2 2 2 2H O +O   2HO     (3.12) 

Radical generation by transient cavitation is not uniform throughout the volume of the 

reaction medium, but rather discrete (i.e. only at the site of transient bubble collapse). The 

radicals generated from bubbles are highly unstable; and hence, do not diffuse into the 

medium. They react with pollutant molecules, if present in the close vicinity of site of bubble 

collapse. Or alternatively, these radicals simply recombine to form molecular species like O2, 

H2O and H2O2. This recombination is a loss of oxidation potential. The conservation of the 

radicals by dissolved oxygen through reactions mentioned above helps reduce the loss of 

oxidation potential due to recombination of the radicals. This process also increases the 

probability of interaction between radical and BPA molecule. In the present situation, 

however, the probability of radical–BPA molecule interaction can be assumed to be high due 

to the strong convection generated in the solution by the ultrasound waves and transient 

cavitation. As a consequence of all of these effects, the kinetic constant of BPA degradation 

for aerated solution is significantly higher than for the de-aerated solution. 

 Comparing between the sono–Fenton process at atmospheric and elevated static 

pressures, the effect of dissolved oxygen is more marked at atmospheric pressure, as transient 

cavitation occurs in the medium. With rise in the static pressure, the transient cavitation is 

eliminated and so is the production of radicals through cavitation bubbles. In this case, •OH 

radical production occurs through the Fenton process. However, this radical production is 

rather uniform throughout the reaction volume (since the reagents Fe2+ and H2O2 are uniform 

throughout the volume), and hence, presence of dissolved oxygen does not contribute much 

to the net utility of the •OH radicals. Thus, the rise in the kinetic constant of the sono–Fenton 

process for the aerated medium is relatively smaller as compared to the de–aerated medium at 

elevated static pressure. 

 Practically the same total degradation of BPA (in 60 min of treatment) with the sono–
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Fenton process under atmospheric and elevated pressure shows a dominant contribution of 

the Fenton process as compared to sonolysis. At elevated static pressure, transient cavitation 

is eliminated, and thus, there is no contribution to generation of •OH radicals by cavitation 

bubbles. To support this argument, we have given the results of simulations of cavitation 

bubble dynamics (using the diffusion limited model, described by Chakma and Moholkar 

(2013b) and Krishnan et al. (2006)) at atmospheric and elevated static pressure in Annexure-

II, which show the temperature and pressure peaks reached in the bubble at transient collapse 

and the equilibrium composition of different species formed from dissociation of solvent 

vapor and gas molecules. Therefore, all degradation obtained at elevated static pressure is 

attributed to the Fenton process. The slight increase in BPA degradation with the sono–

Fenton process as compared to Fenton alone is attributed to stronger convection generated by 

ultrasound and cavitation due to which the probability of radical – BPA molecule interaction 

increases. 

(4) Comparison of the degradation result for the categories Fenton process (with 

mechanical stirring) and Fenton process + UV reveals negligible effect of UV irradiation on 

total BPA degradation achieved in 60 min treatment. However, the kinetic constant of 

degradation for Fenton + UV process is higher than for only the Fenton process. This 

essentially indicates that additional •OH radicals generated from H2O2 photolytic cleavage (in 

addition to the radicals generated by the Fenton process) in the initial stage of degradation 

could have contributed to enhancement of the degradation kinetics in the first 10 min of 

treatment. However, the concentration of H2O2 decreases as the reaction proceeds, and so 

does the generation of additional radicals due to photolytic cleavage. Thus, the total 

degradation obtained in 60 min of treatment is practically same for the Fenton process with 

mechanical stirring and the Fenton process coupled with UV irradiation. 

(5) The most interesting result of our study is the negative synergy of UV irradiation with 
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the sono–Fenton process. This is evident from comparison of degradation obtained in 

categories sono–Fenton and (sono–Fenton + UV). A probable cause for this effect is the 

improper utilization of H2O2 by sonication or Fenton process in presence of UV irradiation. 

As noted earlier, the UV irradiation independently splits the H2O2 molecules into •OH 

radicals and this pathway competes with the Fenton process and sonolysis. Moreover, due to 

low concentration of H2O2 coupled with relatively low emission intensity at H2O2 absorption 

wavelength of 254 nm, the quantum of •OH radical generation through UV–mechanism is 

rather low to yield an effective degradation, as noted earlier. These are, however, only 

conjectures and more detailed investigations are needed to discern the mechanism of negative 

synergy of UV irradiation on sono–Fenton system. 

 

 

 

Figure 3.9: Percentage of TOC removal (or fractional mineralization of BPA) in 60 min of treatment 

in different experimental categories. Experimental condition: f = 40 kHz, λmax = 365 nm, [Fe2+]0 = 

0.36 mM, [H2O2]0 = 7.85 mM, [BPA]0 = 4.3 × 10–2 mM 

 

(6) The total mineralization of the BPA in various experimental categories has also been 

assessed, with results depicted in Fig. 3.9. TOC reduction in different treatments (at 
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atmospheric static pressure) shows the following trend: sono–Fenton (aerated) > sono–Fenton 

(de-aerated) > Fenton process > sono–Fenton + UV (de-aerated) > sono–Fenton + UV 

(aerated). These trends clearly reveal the positive synergy between sonolysis and Fenton 

process, the supporting role of dissolved oxygen, and the negative effect of UV irradiation on 

the sono–Fenton system, as outlined earlier. 

 

3.7 CONCLUSION 

 In this chapter, we have explored the mechanistic synergies for the hybrid advanced 

oxidation processes with combination of sonolysis and Fenton process coupled with UV 

irradiation. The categories for which positive synergies are obtained are: (1) Sonolysis alone 

and Sonolysis+Fe2+, (2) Sonolysis & sono–Fenton, (3) Fenton & sono–Fenton. The static 

pressure on the reaction mixture in the sono–Fenton process does not show any influence on 

the extent of degradation. The category with no synergy is: Fenton and Fenton+UV. The 

category with negative synergy is: Fenton process and sono–Fenton+UV. We believe that 

results of this study will form useful input for further research in BPA degradation with 

hybrid advanced oxidation processes. The experimental framework used in this study can 

also be extended for study of degradation of other pollutants with hybrid advanced oxidation 

processes. 
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ANNEXURE-I 

CALCULATION OF ACOUSTIC PRESSURE AMPLITUDE (PAW) 

 The acoustic pressure amplitude generated by transducers attached to the bottom of 

the ultrasound bath was calculated using a calorimetric method. This method is based on the 

assumption that the entire energy of ultrasound waves generated by the transducers is finally 

dissipated in the form of heat. The ultrasound bath was filled with 7 L of water as the 

medium, and sonication of this water was carried out until its temperature increased by 1oC. 

This temperature rise was achieved after 8 min of sonication. On the basis of these results, the 

total energy dissipation in the medium during sonication is determined as: 

o o7 kg × 4180 J/kg- C× 1 C
= = 60.96 J s = 60.96 W

8 min × 60 s/min
pmC T

t


 

The ultrasound bath used in the experiment was equipped with 4 transducers of dia 40 mm. 

The intensity of the ultrasound (or the acoustic intensity) can then be calculated as: 

2 2
2

3 2

Actual power (W) 60.96
I =  = W m  =  12127.28  W m

Area of transducer (m ) 4 (40 10 )
4
  

 

The relation between acoustic intensity and acoustic pressure amplitude is given as (Mason 

and Lorimer, 2002): 2 2AI P c , where I = acoustic intensity, PA = acoustic pressure 

amplitude, ρ = density of the medium, and c = speed of sound in the medium. Substituting 

values: ρ = 1000 kg/m3, c = 1481 m/s, and I = 12127.28 W/m2 gives acoustic pressure 

amplitude as: 

5 2 12127.28 1481 1000 1.895 10 Pa 190 kPa (1.9 bar)AP         
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ANNEXURE – II 

Table 3.S1: Results for sonolysis+UV, photolysis (H2O2/UV) and sono+H2O2+UV and 

sono–photo–Fenton processes 

Category of experiment # # 
η (%) 

k (s–1) R2 
10 min 60 min 

1. Sonolysis + UV 6.24 ± 1.74 19.62 ± 1.33 1.17 × 10–4 0.96 

2. Stirring + H2O2 + UV 
(photolysis) 

1.22 ± 1.38 6.47 ± 0.19 2.46 × 10–5 0.92 

3. Sonolysis + H2O2 + UV 
(sono–photolysis) 

4.52 ± 1.07 10.34 ± 1.32 7.09 × 10–5 0.97 

Notations: η – degradation efficiency in (%) at pH 2; k – pseudo 1st order kinetic constant (s–1) 
calculated using reaction data for 30 min; R2 – regression coefficient; # # – All experiments conducted 
at atmospheric (101.3 kPa) static pressure unless otherwise stated 
 

Table 3.S2: (A) Summary of the simulation results (Air Bubbles) 

Species 

Parameters for simulations 
Ro = 5 m 

Po = 101.3 kPa 
Ro = 5 m 

Po = 200 kPa 
Conditions at the first collapse of the bubble 

Tmax = 4013 K 
Pmax = 705.6 MPa 
Vturb = 0.056 m/s 
PAW = 2.53 MPa 

Tmax = 1075 K 
Pmax = 7.78 MPa 
Vturb = 0.008 m/s 
PAW = 0.22 MPa 

NN2 = 1.306E+10 
NO2 = 3.471E+9 
NW = 2.026E+9 

NN2 = 1.306E+10 
NO2 = 3.471E+9 
NW = 9.03E+8 

Equilibrium composition of species in the bubble at collapse 
N2 6.52E–01 7.49E–01 
O2 1.30E–01 1.99E–01 
H2O 9.21E–02 5.20E–02 
H 8.15E–04 0. 
O 6.50E–03 0. 
OH 2.56E–02 1.12E–07 
HO2 1.11E–03 0. 
H2O2 1.69E–04 0. 
O3 1.67E–05 0. 
H2 1.79E–03 0. 
NO 8.79E–02 7.13E–05 
NO2 1.67E–03 1.98E–05 
HNO 1.55E–04 0. 
HNO2 1.16E–05 0. 
HNO3 1.58E–06 0. 
NH3 1.89E–06 0. 
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(B) Net production of various oxidizing species per bubble 
 

Parameter Po = 101.3 kPa Po = 200 kPa 
NOH 4.75E+8 1.95E+3 

NO 1.2E+8 0. 

NHO2 2.06E+7 0. 

NH2O2 3.14E+6 0. 

 
Notations: 4.75E+8 should read as 4.75  108, Po – static pressure in the liquid medium; Ro – initial radius of 
the cavitation bubble; Vturb – average velocity of the micro–turbulence in the medium generated by ultrasound 
and cavitation in the medium (estimated at 1 mm distance from bubble center); PAW – pressure amplitude of the 
acoustic wave generated by the cavitation bubble; Tmax – temperature peak reached in the bubble at the time of 
first collapse; Pmax – pressure peak reached in the bubble at the time of first collapse; NW – number of water 
molecules trapped in the bubble; NN2 – number of N2 molecules in the bubble; NO2 – number of oxygen 
molecules in the bubble; NOH – number of OH radicals present in the bubble at transient collapse; NH – number 
of H radicals present in the bubble at transient collapse; NO – number of O radicals present in the bubble at 
transient collapse; NHO2 – number of HO2 radicals present in the bubble at transient collapse; NH2O2 – number of 
H2O2 molecules present in the bubble at transient collapse 
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CHAPTER 4 

 

MECHANISTIC ANALYSIS OF HYBRID 
SONO–PHOTO–FERRIOXALATE SYSTEM 

 

 

 

 

4.1 INTRODUCTION 

 The previous two chapters explored the physical mechanism of hybrid AOP of sono-

Fenton and sono-Fenon-UV (or sono-photo-Fenton). The main objective underlying the latter 

AOP was to utilize photo-activity of hydroxyl complexes of Fe. Extending the same theme, 

we have investigated the physical mechanism sono-photo-Ferrioxalate system. The oxalate 

complexes of Fe are highly photoactive with absorption range up to 450 nm (constituting 

18% of total energy of solar spectrum) (Monteagudo et al., 2008). Ferrioxalate system also 

generates in-situ hydrogen peroxide which induces Fenton reactions. Due to these features, 

the ferrioxalate system gives substantial improvement in the sono-photo-Fenton process. 

 We have chosen two popular dyes applied widely in industry, viz. the azo dye Acid 

Red B (ARB) and a non–azo dye Methylene Blue (MB), as model pollutants. Experiments 

have been conducted so as to identify contribution of each pathway (viz. sonolysis, Fenton 

and ferrioxalate), and interactions among these pathways leading to higher overall 

degradation. The experimental results have been analyzed vis–à–vis simulations of cavitation 

bubble dynamics, which quantitatively predicts the physical and chemical effects induced by 

transient cavitation. Before proceeding to the experimental and results section, we briefly 
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outline the individual chemistry of each AOP in the next section. This mechanism was earlier 

described in chapter 1; however, for convenience of reader, it is reproduced here again. 

 

4.2 CHEMICAL MECHANISMS OF SONOLYSIS, FENTON AND PHOTO–

FERRIOXALATE AOPS 

 In this section, we have described the chemical mechanism of the individual AOPs of 

sonolysis, Fenton (including Fenton like) and photo–ferrioxalate. This forms basis for the 

discussion and analysis of our results with hybrid AOP. 

Sonolysis: In sonolysis, the mechanism of radical production is through thermal dissociation 

of the solvent (usually water) and gas (usually air) molecules present in the bubble at the 

moment of transient collapse. A brief description of this phenomenon is as follows: During 

the expansion of cavitation bubble in rarefaction half cycle of the ultrasound, significant 

amount of solvent vapor evaporates at the bubble interface and diffuses towards the bubble 

center. In the ensuing compression cycle, this vapor diffuses back to the bubble interface and 

undergoes condensation. However, at the final moments of bubble collapse, the bubble wall 

velocity becomes very high (equal to or even higher than sonic velocity), and not all of the 

vapor that has entered the bubble can escape back to the liquid. At this stage, the time scale of 

bubble dynamics becomes smaller than time scales of vapor diffusion as well as condensation 

(Storey and Szeri, 2000). The entrapped solvent vapor along with gas in the bubble is 

subjected to extreme conditions of temperature and pressure (~ 5000 K, 500 bar) generated 

during transient collapse (Hart and Henglein, 1985, 1987). The typical reactions of 

dissociation of the entrapped water vapor and air molecules (either among themselves or with 

the dissolved oxygen in the bulk liquid medium) can be represented as follows (Eqs. 4.1-4.8): 

   2H O  H  + OH        (4.1) 

   2O  2 O        (4.2) 
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   2O  + H O  2 OH       (4.3) 

   2H  + O  O  + OH        (4.4) 

   2 2H  + O  HO        (4.5) 

   2 2OH + OH  H O        (4.6) 

   2 2 2 2H O  + O  2 HO      (4.7) 

   2 2OH + O  HO  + O        (4.8) 

Fenton process: In Fenton process, Fe2+ and H2O2 react to yield •OH radical and oxidized 

Fe3+ ion (Eq. 4.9). At low pH of about < 3, the reduction of Fe3+ to Fe2+ occurs via another 

reaction with H2O2 with generation of hydroperoxy radicals (Eq. 4.10). The 2HO  radical can 

also reduce Fe3+ to Fe2+ further (Eq. 4.11). 

   2+ 3+
2 2Fe  + H O  Fe  + OH  + OH     (4.9) 

   3+ 2+ • +
2 2 2Fe  + H O Fe  + HO  + H     (4.10) 

   3+ 2+ +
2 2Fe + HO  Fe  + O  + H      (4.11) 

Photo–Ferrioxalate system: The photolysis of H2O2 is not very efficient, as due to lower 

molar extinction, H2O2 is able to absorb photons only below 350 – 400 nm, which constitute 

only 3% of solar radiation. The ferrioxalate complex ( 3
2 4 3[Fe(C O ) ]  ) is far more 

photosensitive, and is able to absorb photons of solar spectrum up to range of 450 nm 

(constituting 18% of total energy) (Monteagudo et al., 2008). Thus, the ferrioxalate system 

gives substantial improvement in the efficiency of conventional solar–Fenton process. 

Decomposition of ferrioxalate complex results in formation of Fe2+, oxalate anion ( 2
2 4C O  ) 

and oxalate radicals ( 2 4C O ). The oxalate radical can combine with dissolved oxygen to 

generate two oxidizing radical species, viz. 2O  and 2HO . The 2HO  can combine to produce 
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H2O2, which can react with Fe2+ (generated from decomposition of 3
2 4 3[Fe(C O ) ]  ) to yield 

•OH radicals. The overall chemistry of ferrioxalate system is described below (Eqs. 4.12–

4.23) (Jeong and Yoon, 2004, Zhou et al., 2004; Vedrenne et al., 2012). 

    3+ 2
2 4 43

Fe SO  2 Fe + 3 SO       (4.12) 

  + + 2
2 4 2 4KHC O  K  + H + C O       (4.13) 

   
33+ 2

2 4 2 4 3
Fe + 3C O  Fe C O

          (4.14) 

  
4

3 2+ 2
2 4 3 2 2 4[Fe(C O ) ]  Fe  + 2 C O  + C Ohv      (4.15) 

  3 2+ 2
2 4 2 4 3 2 4 2C O  + [Fe(C O ) ]  Fe  + 3 C O  + 2 CO     (4.16) 

  2 4 2 2C O   CO  + CO        (4.17) 

  2 4 2 2 2C O  + O  2 CO  + O       (4.18) 

  2 2 2 2CO  + O  CO  + O        (4.19) 

  +
2 2O  + H  HO         (4.20) 

  2 2 2 2 2HO  + HO   H O  + O        (4.21) 

  2+ 3+
2 2Fe  + H O   Fe + OH + OH      (4.22) 

  3+ 2+ • +
2 2 2Fe  + H O Fe  + HO  + H      (4.23) 

 For high concentration of ferrioxalate complex in the system, 2CO can also react with 

ferrioxalate complex in presence of 2 2H O  (either in–situ generated or externally added) to 

generate extra •OH radicals as per the following reaction (Eqs. 4.24–4.25) (Monteagudo et 

al., 2013): 

  
4

3 2+ 2
2 2 4 3 2 2CO  + [Fe(C O ) ]   Fe  + CO  + 3 C O     (4.24) 

  2+ 2 3
2 4 2 2 2 4 3Fe  + 3 C O  + H O   [Fe(C O ) ] + OH  + OH     (4.25) 
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In presence of externally added H2O2, free Fe3+ (uncombined with oxalate ions) can undergo 

Fenton–like reactions ( 3+ 2+ • +
2 2 2Fe  + H O Fe  + HO  + H ) to generate Fe2+, which can 

further produce •OH radicals through Fenton mechanism at low pH as described above. 

 

4.3 MATERIALS AND METHODS 

4.3.1 Materials 

 Methylene Blue (C16H18N3SCl), ferric sulfate anhydrous (Fe2(SO4)3) and potassium 

oxalate (K2C2O4) were purchased from Loba Chemie India Ltd. H2O2 (30% v/v), NaOH, HCl 

were purchased from Merck India Ltd. Acid Red B (C20H12N2Na2O7S2) was procured from 

a.b. Chemicals and Instruments, Guwahati, India. All the chemicals were used as received 

without any further purification. All solutions were prepared using ultrapure water (resistivity 

of ≥ 18 MΩ·cm at 25oC) from Milli–Q synthesis Unit (Millipore®, USA). 

 

4.3.2 Experimental setup 

 Reactions were carried out in a 200 mL beaker made of borosilicate glass. For 

experiments with mechanical stirring, a magnetic stirrer plate was used with agitation 

provided at 300 rpm by a magnetic needle. For experiments with sonication, an ultrasound 

bath (JeioTech, South Korea, capacity: 10 L, frequency: 40 kHz, power: 200 W) was used for 

sonication of the reaction mixture. The bath was filled with water as the medium, and the 

reaction beaker was placed at the center using a burette stand. The beaker was immersed to 

about 3/4th of its height in the water in bath. The temperature of the sonication medium, and 

hence, the reaction solution in the beaker was maintained constant at 25±1oC using 

circulation of cooling water from a water circulating bath (Amkette Analytics, Model: 

WB2000). To avoid any artifact due to spatial variation of the ultrasound intensity and local 

acoustic pressure amplitude in the reaction solution/ medium (Gogate et al., 2002; Moholkar 
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et al., 2004), all reactions were carried out in the same beaker, and the position of the beaker 

in the bath was carefully maintained same in all experiments. Actual acoustic power 

dissipation in the ultrasound bath, and the corresponding acoustic pressure amplitude in the 

system (generated by transducers attached to the bottom of ultrasound bath) was measured as 

1.9 bar using calorimetric method (Bhasarkar et al., 2013; Chakma and Moholkar, 2014). The 

ultrasound pressure amplitude in the reaction mixture in the beaker was also determined as 

1.9 bar using calorimetric method. These measurements indicated negligible attenuation of 

ultrasound waves through the walls of beaker. The intensity of the acoustic energy emitted by 

transducers was 1.2 W/cm2 with volumetric energy dissipation of 8.71 W/L. The schematic of 

the experimental setup is available in our previous study (Chakma and Moholkar, 2014) as 

well as in previous chapter (Chapter 3). 

 For UV assisted experiments, a blended high pressure mercury UV lamp (Starlite, 160 

W) with a maximum peak emission wavelength at 365 nm was used. The UV lamp was 

placed exactly above the mouth of the beaker containing the reaction mixture, and the whole 

set up was placed in a black box to avoid diffusion/ interference of surrounding light 

radiation. The UV lamp was kept switched on for 15 min to obtain a proper diffusion of 

ultraviolet light irradiation inside the box. Experiments in all categories were repeated twice 

to assess reproducibility. Average values of textile dye degradation/ decolorization are 

considered for analysis in any experimental category. 

 

4.3.3 Experimental procedure 

 Experiments were carried out in nine categories with permutation/ combination of 

following experimental conditions: (1) individual AOP of Fenton–like system; (2) individual 

AOP of photo–ferrioxalate system; (3) individual AOP of sonolysis; (4) saturation level of 

the medium (either saturated medium with dissolved oxygen concentration of 8 ppm or 
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unsaturated or degassed medium with dissolved oxygen content reduced to 3 ppm); and (5) 

sono-hybrid AOP with sparge gas. Each of these techniques alters the predominant physical 

and chemical mechanism of the textile dye decolorization system. The procedure used for 

degassing (or de–oxygenation), gas sparging in the medium and the rational underlying these 

techniques will be explained later. 

In each experiment, 50 mL of dye solution with an initial dye concentration of 20 ppm 

(corresponding to concentrations of 0.04 mM and 0.063 mM for ARB and MB dye, 

respectively) was used. Other conditions and parameters of dye decolorization experiments, 

viz. pH and concentrations of Fe3+, 2
2 4C O   and H2O2, have been optimized in several sets of 

preliminary experiments (results are shown in preliminary experimental section) and 

optimized values were found to be [Fe3+] = 0.2 mM, [ 2
2 4C O  ] = 0.6 mM, [H2O2] = 5 mM and 

pH = 3. During the treatment of the dye solution with either mechanical stirring or sonication 

in any experimental category, small aliquots (1 mL) of reaction mixture were withdrawn at 

regular time intervals. After withdrawal of the sample, pH was adjusted to 7.5–8 using 4N 

NaOH solution to quench the oxidation reactions. Raising of the pH of aliquot results in 

precipitation of Fe(III), which was separated by filtration of the sample using 0.22 µm filter 

paper. The residual concentration of dye in the filtrate was analyzed using UV–Vis 

spectrophotometer (Model: Lambda 35, Perkin Elmer) at wavelengths of 512 nm and 663 nm 

for the ARB and MB dye, respectively. The percentage efficiency (η%) of dye decolorization 

was defined as: ( ) × 100o t oC C C , where, Co is the initial concentration of dye, and Ct is the 

concentration of dye at time t (min). 

 For experiments with unsaturated medium (or reduced dissolved oxygen content of 

the medium), water used for preparing dye solution was subjected to a vacuum of ~ 600 mm 

Hg (or absolute pressure of 160 mm Hg) using a vacuum pump (Make: Riviera, Model: TID–

25–S). To ensure effective degassing (or de-oxygenation), water was heated to 70oC with 
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continuous vigorous stirring after vacuum treatment. The concentration of dissolved oxygen 

in the solution was determined using Winkler titration method. This procedure lowered the 

dissolved oxygen content of the medium to 3 ppm. 

 

4.3.4 Kinetics of decolorization 

 The degradation pathway of both ARB and MB dye has complex chemistry involving 

formation of numerous intermediates. Several earlier authors have dealt with this matter (for 

example: Thiam et al., 2015; Xia et al., 2014; Yu and Chuang, 2008; Houas et al., 2001; 

Wang et al., 2014). The main chemical mechanism of degradation is hydroxylation / 

oxidation induced by OH and 2HO  radicals formed by AOPs. Many of these intermediates 

are unstable and difficult to monitor using standard techniques like GC or HPLC. In view of 

this difficulty, we have assumed that overall kinetics of dye degradation follows pseudo 1st 

order kinetics with respect to dye concentration. As stated in the tables of experimental 

results, description of dye degradation / decolorization profile using pseudo 1st order kinetic 

model has yielded regression coefficients > 0.85, indicating excellent fit of this model to the 

decolorization process. 

 

4.4 CAVITATION BUBBLE DYNAMICS MODEL 

 As noted earlier, ultrasound, and its secondary effect, cavitation give rise to physical 

and chemical effects that contribute to enhancement of the kinetics of the reaction system. 

We have estimated the magnitudes of these effects using a mathematical model for cavitation 

bubble dynamics. Before description of this model, we would like to discuss the rational 

underlying the technique of variation in dissolved gas content and addition of alcohol in the 

medium employed in experiments. 

 In the present study, the three experimental techniques employed are: (1) degassing 
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(or de-oxygenation) of the medium, (3) sparging of gas through the reaction mixture, and (2) 

addition of alcohols to reaction mixture. All of these techniques have implication on the 

cavitation phenomenon. For occurrence of cavitation phenomenon in liquid, nuclei are 

needed. These nuclei could be the gas pockets trapped in the crevices of solid boundaries in 

the medium or they could be tiny gas bubbles freely floating in the liquid. Degassing of the 

medium (by subjecting the medium to vacuum or heating of the medium) reduces both free 

and dissolved gas content of the medium, and increases the intensity of cavitation 

phenomena. In the context of present study, degassing of the medium also reduces the 

dissolved oxygen in the medium. As noted in section 2, chemical mechanisms of both 

sonolysis and photo–ferrioxalate system involve reactions with dissolved oxygen. Hence, 

variation in the dissolved oxygen content also affects the chemical mechanism dye 

decolorization / degradation. With sparging of gas through reaction mixture during treatment, 

additional nuclei get seeded in the medium, which increase the cavitation intensity. Sparging 

of gas also leaves the reaction mixture saturated with the gas – stripping away the dissolved 

oxygen in the medium. Depletion of dissolved oxygen in the medium affects the photo–

ferrioxalate pathway, in which the 2CO  radical reacts with dissolved oxygen to yield 2O  

and 2HO  radical species, which lead to formation of H2O2 and Fenton–reaction. 

 Alcohol molecules are efficient radical scavenger. In the present context, there are 

two sources of radicals in the reaction mixture, viz. sonolysis and photo–ferrioxalate 

pathway. Addition of alcohols in the system can scavenge radicals produced through both 

pathways. As far as sonolysis is concerned, addition of alcohol in the system can also affect 

production of radicals. Alcohol molecules can adversely affect generation as well as of 

utilization of •OH radicals, in the reaction mixture. As shown by Ashokkumar et al. (1997), 

alcohol molecules have tendency to adsorb onto the gas/ liquid interface of the bubble. These 

interfacially adsorbed molecules are able to evaporate into the bubble core during collapse. 
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During the compression phase of radial bubble motion, as the size of the bubble (and hence 

the area of bubble interface) reduces at fast rate, lateral interaction between the adsorbed 

alcohols molecules causes expulsion of some molecules in the bulk solution, while some 

molecules get evaporated into the bubble core. This phenomenon causes “quenching” effect 

in the transient collapse of bubble that reduces the intensity of the temperature and pressure 

peak reached in the bubble. However, the physical effects induced by transient cavitation, i.e. 

micro–turbulence and shock waves, remain unaffected. Addition of alcohols in the reaction 

mixture thus gives a means of discriminating between the relative influence of physical and 

chemical effects of cavitation on the reaction. 

 In the present study, the diffusion limited model for cavitation bubble dynamics has 

been used (Toegel et al., 2000). This model is based on hypothesis that solvent vapor 

entrapment in the bubble during transient collapse is diffusion–limited process. A brief 

description of this hypothesis is as follows: the expansion of the bubble in the rarefaction half 

cycle of ultrasound is accompanied by evaporation of the solvent at the bubble interface. 

Vapor molecules diffuse towards the bubble core. In the subsequent compression phase, the 

vapor molecules diffuse towards the bubble interface and condense. However, in the final 

moments of bubble collapse, the velocity of the bubble wall (or bubble interface) becomes 

extremely fast, i.e. equal to or even greater than the velocity of sound in the medium. At this 

condition, the time scale of the bubble motion becomes smaller than the time scale of 

diffusion of vapor molecules. This essentially means that the vapor molecules do not have 

sufficient time to diffuse towards the bubble interface and undergo condensation. Thus, the 

solvent vapor gets entrapped in the bubble. Moreover, the vapor molecules that have diffused 

to the bubble interface also cannot completely stick to the surface to undergo phase change. 

This phenomenon also causes non–equilibrium phase change in the bubble and entrapment of 

the vapor molecules. The compression of the bubble is extremely fast and adiabatic. The 
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temperature and pressure inside the bubble reach extreme (5000 K and 500 bar) and the vapor 

entrapped in the bubble undergoes thermal dissociation at these conditions. A wide variety of 

species are formed out of dissociation, some of which are radical species. At the point of 

maximum compression (or minimum bubble radius) the bubble may get fragmented and the 

bubble contents are released into the bulk liquid. The radicals released from the bubble can 

induce reactions in the liquid medium. 

 The diffusion limited bubble dynamics model comprises of 4 equations that take into 

account essential physics and chemistry of bubble dynamics using boundary layer 

approximation (Storey and Szeri, 2000), viz. (1) Keller–Miksis equation for the radial motion 

of the bubble; (2) Equation for the diffusive flux of water vapor through bubble wall, (3) 

Equation for heat conduction through bubble wall; and (4) Overall energy balance treating 

the cavitation bubble as an open system. The essential equations (along with relevant 

boundary conditions) and thermodynamic data of this model are given in Tables 2.1A & 2.1B 

(in Chapter 2). Equations for diffusive flux and conductive heat transfer requires thermal 

conductivity and diffusion coefficient (i.e. transport parameters). These are determined at the 

bulk temperature of the liquid medium using Chapman–Enskog theory that employs 

Lennard–Jones 12–6 potential. Dimensional analysis has been used to estimate thermal and 

diffusive penetration depths. During the bubble expansion, the gas dissolved in the liquid can 

also diffuse inside the bubble. However, gas diffusion is a much slower process than 

cavitation bubble dynamics. Typically, the time scale for the diffusion of gases is of the order 

of milliseconds, while the time scale for the radial motion of bubble is of the order of 

microseconds. Thus, diffusion of gas across bubble interface for a period of few tens of 

acoustic cycles is negligible. The equations of diffusion–limited model of cavitation bubble 

dynamics can be solved simultaneously using Runge–Kutta adaptive step size method (Press 

et al., 1992). 
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 Some experimental categories (viz. categories 4A, B and C) of present study make 

use of sparge gas. For these categories, the cavitation bubble is considered to be made up of 

sparge gas. For other categories, an air bubble is considered as the cavitation bubble. The 

bubble collapse (or essentially the bubble fragmentation) is assumed to occur at the first 

compression after an initial expansion. The thermodynamic parameters for gases and wter 

were taken from Hirschfelder et al. (1954) Condon and Odishaw (1958) and Reid et al. 

(1987). Other numerical values of different parameters used in the simulation of bubble 

dynamics equation are: ultrasound frequency (f) = 40 kHz; ultrasound pressure amplitude 

(PA) = 190 kPa (determined using calorimetric techniques); vapor pressure of liquid medium 

(water) = 2500 Pa (calculate using Antoine type correlation), density of water (L) = 1000 

kg/m3, kinematic viscosity of water () = 10–6 Pa–s, surface tension of water () = 0.072 

N/m, sonic velocity in water (c) = 1481 m/s. The equilibrium bubble radius (Ro) is difficult to 

measure experimentally and usual approach is to assume a representative value for the same. 

Larger bubbles (size > 50 microns) have sufficient buoyancy to rise to surface of the liquid 

and escape. Therefore, we have considered bubble sufficiently small to undergo transient 

collapse at the conditions of frequency or ultrasound pressure amplitude present in the 

sonication bath used in this study. Typically, for the ultrasound frequencies in the range of 

20–100 kHz, and (modest) ultrasound pressure amplitudes in the range of 1.5–2.5 bar, 

bubbles with initial radii < 10 m undergo transient motion (Mettin et al., 1997). Considering 

this, an equilibrium bubble size of Ro = 10 m has been assumed for simulations.  

 

4.4.1 Physical and chemical effects of transient cavitation 

Sonochemical effect or quantification of radical generation by cavitation bubbles: The gas 

and vapor content of the cavitation bubble at the moment of transient collapse can be 

determined using numerical solution of cavitation bubble dynamics model. As note earlier, 
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the temperature and pressure in the bubble reaches extreme at the moment of transient 

collapse causing thermal dissociation of solvent vapor. The species generated out of solvent 

dissociation undergo reaction among themselves. Due to very small volume of the bubble at 

the point of maximum compression and very high temperature inside the bubble, the rates of 

reactions occurring among different chemical species present in the bubble are expected to be 

extremely fast. As a consequence, the bubble contents are likely to remain at thermodynamic 

equilibrium all through the radial motion of the cavitation bubble (Brenner et al., 2004). The 

equilibrium composition of the bubble contents at the conditions of transient collapse has 

been determined using non–stoichiometric model for equilibrium employing Gibbs free–

energy minimization technique (www.factsage .com). 

 

Sonophysical effect of cavitation: In addition to the chemical effects stated above, radial 

motion of cavitation bubbles also induces several physical effects in the liquid medium 

through two phenomena, viz. micro–convection and shock or acoustic waves. The first 

phenomenon is essentially the oscillatory motion of liquid induced by volume oscillations of 

the bubble. The second phenomenon occurs due to reflection of converging fluid elements of 

the bulk liquid from the bubble interface as it comes to a sudden halt at the point of minimum 

radius during radial motion. The numerical solution of cavitation bubble dynamics model 

gives time history of bubble radius (R), bubble wall velocity (dR/dt) and bubble wall 

acceleration (d2R/dt2). Magnitudes of micro–convection velocity as well as acoustic (shock) 

waves can be calculated as follows (Leighton, 1994; Grossmann et al., 1997; Moholkar and 

Warmoeskerken, 2003): 

Micro–convection:  
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where Vb is the volume of the bubble. A representative value of r is taken as 1 mm. 

 

4.5 PRELIMINARY EXPERIMENTAL RESULTS 

 As noted earlier, the experiments have been carried out in five categories. However, 

prior to main experiments, optimization of some parameters was done in preliminary 

experiments (with initial concentration of ARB dyes as 20 ppm), the results of which are 

described below: 

 

pH of the reaction medium: Fig. 4.1A shows the results of optimization of pH for fixed 

concentration of Fe3+ as 0.4 mM and oxalate concentration of 1.2 mM. Maximum color 

removal efficiency was seen at pH of 3. Reduction in color removal efficiency below pH 3 

can be explained in terms of scavenging of the hydroxyl radicals by H+ ions (Eq. 4.26): 

   2OH H H Oe          (4.26) 

At lower pH, the reaction between H2O2 and Fe2+ also slows down due to higher stability of 

H2O2 by solvating a proton, which forms oxonium ion ( +
3 2H O ) in the reaction medium (Eq. 

4.27). +
3 2H O  makes H2O2 electrophilic by enhancing its stability that results in reduction in 

its reactivity with Fe2+ ions (Daud et al., 2012). 

   2 2 3 2H O H H O        (4.27) 

On the other hand, for pH above 5, Fe3+ precipitates as oxyhydroxide, due to which radical 

production, via Fenton–like oxidation reactions are affected adversely. This phenomenon also 

causes reduction in decolorization efficiency. On the basis of these results, the optimum pH 

for decolorization was determined as 3. 

 

Molar ratio of Fe3+–Oxalate: The results of effect of molar ratio of Fe3+ to oxalate ions on 
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decolorization of ARB dye (at concentration of Fe3+ = 0.4 mM, and pH = 3) are shown in Fig. 

4.1B. As per the stoichiometry of  3

2 2 4 3
Fe C O


 complex formation, 3 moles of 2

2 4C O   

combine with 2 moles of Fe3+. Concurrent with this result, the decolorization efficiency 

increases with addition of oxalate ions till the ratio of 2
2 4C O  /Fe3+ is 3. This essentially 

implies that layer and layer fraction of Fe3+ present in the reaction mixture forms a complex 

with oxalate, which undergoes dissociation in presence of UV radiation to generate radicals. 

The decolorization efficiency reduces as the oxalate/Fe3+ ratio either rises above or falls 

below 3. For 2
2 4C O  /Fe3+ < 3, some of the Fe3+ ions form hydroxyl – complexes, Fe(OH)3, 

and precipitate. This phenomenon hinders the •OH radical formation via both ferrioxalate 

pathway and Fenton–like pathway. For 2
2 4C O  /Fe3+ ratios higher than 3, some oxalate 

remains unreacted in the system, and can scavenge the •OH radicals generated in the system 

(Eq. 4.28) (Vedrenne et al., 2012; Monteagudo et al., 2013), which results in reduction in 

decolorization efficiency. 

  2
2 4 2 2C O  + OH  CO  + CO  + OH        (4.28) 

 

Concentration of Fe3+ in reaction mixture: The influence of amount of Fe3+ present in 

reaction mixture (for a fixed 2
2 4C O  /Fe3+ ratio of 3) on extent of decolorization is shown in 

Fig. 4.1C. The 2
2 4C O  /Fe3+ concentration ratio was fixed at 3, while the pH of the reaction 

mixture was also maintained at 3. The decolorization of ARB dye increased with Fe3+ till 

concentration of 0.2 mM. This result is attributed to greater extent of formation of 

3
2 2 4 3Fe (C O )   complex, which decomposes to generate Fe2+ and 2 4C O  radical. Thus, increase 

in Fe3+ concentration in the reaction mixture also causes a surge Fe2+ concentration. The Fe2+ 

ions can scavenge the •OH radicals formed out of photo–ferrioxalate pathway as follows (Eq. 

4.29) (Lucas and Peres, 2007): 

   2+ 3+Fe  + OH  Fe + HO      (4.29) 

The scavenging of •OH radicals by Fe2+ causes reduction in the decolorization efficiency, 
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after the concentration of Fe3+ exceeds 0.2 mM. At higher concentration of Fe3+ and oxalate, 

the formation of ferrioxalate complex also increases and it can react with 2CO  (which plays 

an important role in generation of H2O2 through photo–ferrioxalate process) as shown in the 

below reaction (Eq. 4.30). This results reduction of in–situ H2O2 generation as described in 

earlier section, and hence, rate of decolorization. 

   3 2+ 2
2 2 4 3 2 2 4CO + [Fe(C O ) ]  Fe + CO + 3C O     (4.30) 

 
(A) 

 
(B) 

 
(C) 

 
(D) 

 

Figure 4.1: Results of preliminary experiments for optimization of decolorization of ARB dye. (A) 

Influence of pH on decolorization by sono–photo–ferrioxalate process. (B) Effect of Fe3+ ions on 

decolorization for molar ratio Fe3+:Ox = 1:3. (C) Effect of Fe3+ to oxalate ions molar ratios on 

decolorization. (D) Effect of H2O2 concentration on decolorization. 

 

Concentration of H2O2 in reaction mixture: Addition of external H2O2 in the reaction 
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mixture has interesting effects on the decolorization process, as depicted in Fig. 4.1D. 

Addition of external H2O2 in the medium triggers Fenton–like reaction of Fe3+ with H2O2 that 

run simultaneously with the ferrioxalate reaction system. This phenomenon results in 

generation of additional •OH radicals, and higher extent of decolorization. Therefore, rise in 

decolorization is observed as the H2O2 dosage increases from 3 to 5 mM. However, with 

further increase in the H2O2 concentration to 7 mM, the excess H2O2 scavenges the •OH 

radicals produced in the system through following reaction (Eqs. 4.31 and 4.32); which 

causes reduction in decolorization (Chakma and Moholkar, 2013, 2014). 

   2 2 2 2H O  + OH  H O + HO      (4.31) 

   2 2 2HO  + OH  H O + O       (4.32) 

Thus, the optimum concentration of H2O2 in the process was found to be 0.2 mM. 

 

4.6 RESULTS AND DISCUSSION 

4.6.1 Results of dye decolorization experiments 

 The results of dye decolorization in nine experimental categories for azo dye of ARB 

and non–azo dye of MB are given in Tables 4.1 & 4.2, respectively. The time profiles of dye 

decolorization in nine experimental categories are shown in Figs. 4.2–4.4 for both dyes. 

Representative results of simulations of cavitation bubble dynamics are given in Fig. 4.5A for 

a 5 m air bubble and Fig. 4.5B for 10 m argon gas bubble, which shows time histories of 

radius of the bubble, temperature and pressure inside the bubble, extent of solvent 

vaporization in the bubble, the micro–convection and shock (or acoustic) waves generated by 

the bubble. The summary of the simulation results for saturated and unsaturated medium is 

presented in Table 4.3. The summary of experimental results obtained in presence and 

absence of sparge gases and alcohols are presented in Fig. 4.6 and Tables 4.4 & 4.5. It could 

be seen that the smaller bubble of 5 m (representing unsaturated liquid medium) undergoes 
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more intense collapse, with higher peaks of temperature and pressure attained during 

collapse, than the 10 m bubble (representing saturated medium). This essentially means that 

the sonochemical effect of radical production is higher in unsaturated medium, as represented 

by mole fractions of •OH and •O radicals for 5 m bubble, which are one order of magnitude 

higher than those for 10 m bubble. Quite interestingly, the physical effect of micro–

turbulence shows an inverse trend. In this case, the magnitude of micro–convection velocity 

generated by the 10 m bubble is greater than 5 m. Nonetheless, the pressure amplitude of 

the acoustic waves generated by 5 m bubble is higher than the 10 m bubble. 

 It is generally accepted that sonochemical effect (i.e. attack of •OH radicals generated 

by transient cavitation) contributes to degradation of organic pollutant. However, in the 

context of present study, in which dye decolorization is used as model reaction, both physical 

and chemical effects of cavitation can be of relevance. Saharan et al. (2012) have 

demonstrated that high shear generated by micro–convection and acoustic waves can break 

the chromophores of the dye molecules, leading to decolorization. This, of course, is the 

initial step in decolorization, and does not lead to complete mineralization. The complete 

mineralization is achieved by reactions induced by oxidizing radicals. 
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Table 4.1: Decolorization of Acid red B (ARB) dye in different experimental categories 

Experimental category Decolorization of ARB (%) k (s–1) R2 

5 min 60 min 
1 US alone 2.02 ± 0.28 14.76 ± 0.78 3.73E–05 0.89 
2 MS + FeOX + UVA 39.14 ± 0.47 68.14 ± 0.19 1.01 E–03 0.88 
3 MS + Fenton like 49.87 ± 0.89 66.36 ± 1.86 1.66E–03 0.90 
4 US + FeOX + UVA 34.75 ± 0.70 71.74 ± 0.54 1.16E–03 0.88 
5 US + Fenton like 53.08 ± 2.64 68.94 ± 3.34 1.78E–03 0.88 
6 MS + Fenton like+ FeOX + UVA 

– Saturated 
59.36 ± 4.0 86.53 ± 0.19 2.03E–03 0.89 

7 US + Fenton like+ FeOX + UVA 
– Saturated 

63.04 ± 2.52 85.87 ± 1.90 2.27E–03 0.87 

8 MS + Fenton like+ FeOX + UVA 
– Unsaturated 

58.65 ± 4.31 86.31 ± 0.58 2.04E–03 0.89 

9 US + Fenton like+ FeOX + UVA 
– Unsaturated 

55.74 ± 1.67 84.63 ± 1.24 1.80E–03 0.88 

 

Table 4.2: Decolorization of Methylene blue (MB) dye in different experimental categories 

Experimental Category Decolorization of MB (%) k (s–1) R2 

5 min 60 min 
1 US alone 1.01 ± 0.4 6.84 ± 0.56 2.70E–05 0.98
2 MS + FeOX + UVA 44.81 ± 2.04 56.71 ± 3.37 1.31E–03 0.83
3 MS + Fenton like 96.48 ± 1.36 99.40 ± 1.40 1.11E–02 0.99
4 US + FeOX + UVA 47.53 ± 0.34 65.65 ± 0.11 1.45E–03 0.84
5 US + Fenton like 98.81 ± 0.96 99.65 ± 0.49 1.47E–02 0.99
6 MS + Fenton like + FeOX + UVA 

– Saturated 
77.61 ± 1.05 98.64 ± 0.02 4.71E–03 0.99

7 US + Fenton like + FeOX + UVA 
 – Saturated 

78.05 ± 0.88 96.39 ± 0.27 4.74E–03 0.99

8 MS + Fenton like + FeOX + UVA 
 – Unsaturated 

65.72 ± 2.19 99.02 ± 0.28 3.24E–03 0.99

9 US + Fenton like + FeOX + UVA 
 – Unsaturated 

69.55 ± 1.70 98.73 ± 0.68 3.67E–03 0.99

 
Note for Tables 4.1 & 4.2: 2.70E–05 should read as 2.70 × 10–5, US – ultrasound, MS – mechanical 
stirring, k –pseudo 1st order kinetic constant calculated on the basis of 30 min of experimental data, R2 

–regression coefficient, FeOX – ferrioxalate (Fe3+ + 2
2 4C O  ), Fenton like – (Fe3+ + H2O2) 
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Table 4.3: Summary of the simulations of cavitation bubble dynamics 

 

Species 

Bulk liquid medium: water 

Air bubble (Ro = 5 m) Air bubble (Ro = 10 m) 
Tmax = 3878 K 

Pmax = 6549 bar 
Vturb = 0.051 m/s 
PAW = 48.27 bar 

Tmax = 2827 K 
Pmax = 1905 bar 
Vturb = 0.156 m/s 
PAW = 4.65 bar 

xN2 = 0.711 
xO2 = 0.189 
xW = 0.099 

xN2 = 0.715 
xO2 = 0.19 
xW = 0.095 

Equilibrium mole fraction 
N2 7.21E–01 6.97E–01 
O2 1.51E–01 1.70E–01 
NO 9.07E–02 3.38E–02 
H2O 1.85E–02 9.21E–02 
OH 1.03E–02 5.01E–03 
O 5.60E–03 5.71E–04 
NO2 1.89E–03 7.79E–04 
N2O 3.73E–04 6.96E–05 
HO2 6.12E–04 2.59E–04 
H2 2.66E–04 1.25E–04 
H 2.59E–04 2.30E–05 
HNO2 1.98E–04 9.94E–05 
HNO 5.88E–05 7.45E–06 
H2O2 2.36E–05 2.07E–05 
O3 1.72E–05 2.07E–06 
N 1.18E–05 – 
NH 1.32E–06 – 

 

Notation: 1.32E–06 should read as 1.32 × 106, Ro – initial radius of the cavitation bubble; Tmax – 

temperature peak reached in the bubble at the time of first collapse; Pmax – pressure peak reached in 

the bubble at the time of first collapse, Vturb – average velocity of the micro–turbulence generated by 

cavitation bubble (estimated at 1 mm distance from bubble center); PAW – pressure amplitude of the 

acoustic wave generated by the cavitation bubble; xW – mole fraction of water vapor in the bubble; xN2 

– mole fraction of nitrogen in the bubble; xO2 – mole fraction of oxygen in the bubble 
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(A) 

 
(B) 

 

Figure 4.2: Time histories of decolorization of the textile dyes with individual AOPs. (A) 

Decolorization of ARB dye. (B) Decolorization of MB dye. Experimental conditions: [ARB] = 0.04 

mM, [MB] = 0.063 mM, [Fe3+] = 0.2 mM, [ 2
2 4C O  ] = 0.6 mM, [H2O2] = 5 mM, pH = 3, T = 298 K 

 

 
(A) 

 
(B) 

 

Figure 4.3: Time histories of decolorization of the textile dyes with hybrid AOPs. (A) Decolorization 

of ARB dye. (B) Decolorization of MB dye. [ARB] = 0.04 mM, [MB] = 0.063 mM, [Fe3+] = 0.2 mM, 

[ 2
2 4C O  ] = 0.6 mM, [H2O2] = 5 mM, pH = 3, f = 40 kHz, T = 298 K 

 

 In Figs. 4.2–4.4, the extent of dye decolorization in the first five minutes of treatment, 

and complete treatment of 60 min has been given separately. As seen from the dye 

decolorization profiles given in Figs. 4.2–4.4, a major fraction of total decolorization (in 60 
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min of treatment) was achieved in first 30 min itself; and hence, the pseudo 1st order kinetic 

constant for dye decolorization has been determined using decolorization data for this period 

only. Some distinct features of dye decolorization that can be perceived from data presented 

in Tables 4.1–4.2 and the profiles shown in Figs. 4.2–4.4 are as follows: 

(1) Trends in extent of decolorization with different experimental categories are similar 

for both dyes, although actual quantitative values of decolorization are different for ARB and 

MB dyes. The discrepancy of dissimilar extent of degradation is linked to the differences in 

chemical structure and the prevalent chemical mechanism of degradation of the two dyes. 

However, the qualitative similarity in trends in extent of decolorization is highlights 

resemblance of the physical mechanism of degradation of the two dyes. 

(2) Among the individual AOPs, sonolysis gives least decolorization for both dyes. For 

the other two AOPs, photo–ferrioxalate and Fenton–like systems, significant decolorization is 

observed in 60 min treatment. Almost total decolorization of MB is achieved in 60 min of 

treatment with Fenton–like system. The least decolorization for sonolysis can be explained as 

follows: 

 The radicals formed inside the cavitation bubble during transient collapse get released 

into the bulk medium with fragmentation of the bubble at the instance of maximum 

compression. However, these radicals are extremely unstable and do not diffuse into the 

liquid medium from the point of bubble collapse. This puts a strong limitation on the 

interaction between the radicals and the molecules – which could further lead to 

hydroxylation/ oxidation reactions. Only those dye molecules that are in close vicinity of the 

bubble interface are likely to intercept the radicals released from the bubble. Due to rather 

small concentration of the dye in the reaction mixture (20 ppm), the probabilities of presence 

of dye molecules at the bubble interface, and the interception of radicals by them are small, 

which leads to low extent of dye decolorization. Moreover, occurrence of transient cavitation 
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events is a highly sporadic phenomenon in space as well as time domain. As stated earlier, 

cavitation phenomenon induced by the gas nuclei present in the liquid medium, which are 

contributed by freely suspended bubbles and gas pockets trapped in the crevices of the solid 

boundaries in reaction system. The volumetric distribution of these nuclei in the reaction 

mixture is not likely to be uniform. As a consequence, production of oxidizing radicals 

through sonolysis is also not uniform phenomenon, which puts a severe limit on the yield (or 

extent of dye decolorization, in the present context) of the sonolysis process. 

(3) Almost similar extent of dye decolorization in categories 2 and 4, in which individual 

AOP of photo–ferrioxalate with mechanical stirring and hybrid AOP of sono–photo–

ferrioxalate was applied, indicates that contribution of chemical effect of sonolysis in the 

hybrid AOPs trivial. Most of the decolorization is achieved via the photo–ferrioxalate route, 

with ultrasound and cavitation contributing only in terms of physical effect of generating 

convection (or stirring) in the medium. This result is consistent for decolorization of both 

ARB and MB dye. 

(4) Similar arguments also hold for categories 3 and 5, in which individual Fenton–like 

and the hybrid sono–Fenton–like systems have been applied. The extent of decolorization in 

these categories is almost similar, confirming only physical role of ultrasound and cavitation 

in the hybrid AOP. Again, this result is consistent for both ARB and MB dyes. 

(5) Trivial role of sonolysis in the hybrid AOP is also evident from the extent of dye 

decolorization in categories 6 & 7 and 8 & 9. Application of sonolysis in addition to the 

Fenton–like system and photo–ferrioxalate results in minuscule rise in decolorization. The 

extent of decolorization obtained with binary AOP of Fenton–like + photo–ferrioxalate 

system is almost similar as for the ternary AOP of sonolysis + Fenton–like + photo–

ferrioxalate system. This result is consistent for reaction systems with saturated and 

unsaturated media. As seen from the results of simulation of cavitation bubble dynamics, the 
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intensity of transient cavitation increases with unsaturation. Despite this, the contribution of 

chemical effect of sonolysis to the overall decolorization is trivial, for the reasons explained 

earlier. 

(6) The relative contributions of Fenton–like and photo–ferrioxalate pathways in the 

binary hybrid AOPs applied in categories 6 and 8 can also be determined on the basis of 

chemical mechanism of the individual AOPs given in section 2. In these categories, H2O2 is 

added in excess, while oxalate addition is in stoichiometry, with respect to the Fe3+. In such 

situation, Fe3+ is competitively consumed by H2O2 and 2
2 4C O  . Reaction of Fe3+ with H2O2 

generates Fe2+, which can further react with H2O2 through regular Fenton reactions to 

produce •OH radicals. Thus, the pathways of photo–ferrioxalate system and Fenton–like 

system hinder each other, which results in negative or adverse synergy between these 

systems. Although extent of decolorization of both dyes with individual Fenton–like and 

photo–ferrioxalate systems is greater than 50%, the total decolorization with both AOPs 

applied together is less than 100%. This indicates negative synergy in the binary AOP. For 

both dyes, the extent of decolorization is almost similar for saturated medium as well as 

unsaturated medium, in which the dissolved oxygen content of the medium is lowered. The 

chemical mechanism of the Fenton–like AOP does not involve dissolved oxygen. In the 

chemical mechanism of photo–ferrioxalate pathway, however, combination of oxalate radical 

(produced from photo decomposition of 3
2 2 4 3Fe (C O )  ) with dissolved oxygen produces radical 

species of 2O  and •OH that contribute to decolorization / degradation of dye. Therefore, the 

extent of decolorization through photo–ferrioxalate pathway is expected to reduce with 

depletion of dissolved oxygen in unsaturated medium. 

 If the decolorization in categories 6 and 8 are compared for both dyes, we find 

negligible change in total decolorization for both dyes, although the kinetic constant for the 

MB dye reduces slightly with unsaturation. These results essentially indicate that contribution 
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of the photo–ferrioxalate pathway to the overall decolorization is relatively lesser than the 

Fenton–like pathway. 

 

 
(A1) 

 
(A2) 

(B1) 
 

(B2) 
 

Figure 4.4: Influence of saturation level of the liquid medium on decolorization profiles of textile 

dyes in ternary hybrid AOP of (US+Fenton–like+Ferrioxalate). (A) Decolorization profiles of ARB 

dye. (A.1) Total decolorization profile (up to 60 min), (A.2) Enlarged view of the initial 

decolorization profile (for first 20 min). (B) Decolorization profiles for MB dye. (B.1) Total 

decolorization profile (up to 60 min), (B.2) Enlarged view of the initial decolorization profile (for first 

20 min). Experimental conditions: [ARB] = 0.04 mM, [MB] = 0.063 mM, [Fe3+] = 0.2 mM, [ 2
2 4C O  ] 

= 0.6 mM, [H2O2] = 5 mM, pH = 3, f = 40 kHz, T = 298 K. 
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Air bubble (5 m) 

 

Argon bubble (10 m) 

 
Figure 4.5: Simulations of cavitation bubble dynamics for a 5 m air bubble and 10 m argon bubble 

in water (f = 40 kHz, PAW = 1.9 bar). Time history of (A) radius of the bubble; (B) temperature in the 

bubble; (C); water vapor molecules in the bubble (D) pressure in the bubble; (E) microturbulence 

generated by the bubble; (F) acoustic waves emitted by the bubble. 

 

(7) Among all four gases, argon bubble undergoes most intense collapse with peak 

temperature of 4932 K reached inside the bubble. Oxygen bubble has the lowest temperature 
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at transient collapse. This result is attributed to lowest heat capacity of argon, which is a 

monatomic gas, as compared to nitrogen, oxygen and air which are diatomic gases. On the 

other hand, the pressure peak attained inside argon bubble is significantly smaller than the 

other three gases. In category 10, in which sparge gas was used, the maximum enhancement 

in decolorization, as compared to category 7, was obtained for argon (Ar). This result can 

very well be explained on the basis of simulation results. The temperature peak obtained at 

transient collapse, and the production of oxidizing radicals, is highest for argon. Therefore, 

the cavitation intensity in the medium shows highest rise for argon. The extent of increase in 

decolorization obtained for oxygen and nitrogen is lesser due to lower extent of radical 

production. Among these two gases, oxygen gives higher decolorization due to more radical 

production. 

 Nonetheless, comparing the extent of decolorization is category 10 for all sparge 

gases with that of category 7, a modest enhancement of only ~ 5–15% is seen. This result also 

confirms the subordinate contribution of sonolysis to dye decolorization in hybrid advanced 

oxidation processes. 

(8) Addition of alcohol to reaction mixture (category 11) has two important 

consequences, viz. scavenging of the •OH radicals and quenching (i.e. reduction in 

temperature and pressure peak reached in the bubble at the instance of collapse) of the 

transient cavitation, as explained in section on cavitation bubble dynamics. The photo–

ferrioxalate pathway of decolorization involves several oxidizing radicals such as 2O , •OH 

and 2HO . Stylidi et al. (2004) have reported photocatalytic degradation of the azo dye Acid 

Orange 7, and have proposed a reaction pathway for degradation. The degradation of the dye 

molecule begins with cleavage of the molecules in vicinity of the azo bond chromophore with 

formation of intermediates with naphthalenic rings. These intermediates are attacked by three 

oxidizing species, viz. 2O , •OH and 2HO  to yield intermediates such as benzoic acid, 2–
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methyl benzoic acid, phenol and benzoquinone. A similar chemical mechanism for 

degradation of Acid Red B (the model in present study) is also reported by Gao et al. (2012). 

 Alcohol addition to the reaction mixture helps in discriminating the contribution of 

and role of •OH radical in chemical pathway of decolorization. Alcohols scavenge the •OH 

radicals generated by sonolysis, Fenton reactions (or Fenton–like reactions) induced by 

externally added H2O2 with Fe3+. In addition, the H radicals produced by cavitation bubbles 

are also effectively scavenged by alcohol molecules. The typical reactions in this case are 

(Janata, 2002): (1) 2OH RH  R H O    ; (2) 2H RH  R H    ; and (3) 

R R   Products   . Significant decolorization observed in presence of both alcohols, viz. 

methanol and 2–propanol, confirms dominant role of superoxide 2O and hydroperoxy 2HO  

radicals in the chemistry of decolorization as compared to •OH radical. 

 Among the two alcohols used for scavenging of •OH radicals, higher reduction of 

decolorization is obtained for 2–propanol. Methanol has higher vapor pressure (13.2 kPa) 

than 2–propanol (5.2 kPa) at the bulk liquid temperature of 25oC (298 K). As a result, 

methanol is expected to cause greater quenching of the transient cavitation due to evaporation 

into the bubble to greater extent leading to larger reduction in radical production and 

decolorization. In contrast to this conjecture, 2–propanol is seen to reduce decolorization to 

higher extent. We explain this result on the basis of hypothesis of Ashokkumar et al. (1997) 

mentioned in previous section (Section 3). Due to higher molecular weight, 2–propanol (mw 

60.1 g/mol) molecules adsorb onto the bubble/liquid interface to higher extent than methanol 

(mw 32.04 g/mol). At the final moments of collapse, some fraction of the adsorbed 2–

propanol molecules gets “squeezed” into the bubble and quenches the transient collapse. 

Another factor that contributes to effective scavenging of •OH radicals by 2–propanol is the 

intrinsic reactivity of alcohol molecules with •OH radicals. The specific kinetic constant of 

reaction of •OH radicals with 2–propanol is 2 × 109 dm3/mol·s, while the same for methanol 9 
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× 108 dm3/mol·s (Janata, 2002).  

 

Table 4.4: Summary of decolorization of ARB at optimum condition under sono–photo–

ferrioxalate system with various operating conditions 

 

Experimental category Decolorization of ARB (%) k (s–1) R2 

5 min 60 min 
10A US + Fenton like+ FeOX + UVA 

+ N2 sparging 
64.11 ± 0.8 90.75 ± 0.6 2.04 E–03 0.86

10B US + Fenton like+ FeOX + UVA 
+ O2 sparging 

66.47 ± 1.0 93.55 ± 1.3 2.55 E–03 0.90

10C US + Fenton like+ FeOX + UVA 
+ Ar sparging 

69.52 ± 0.1 96.42 ± 0.8 2.97 E–03 0.93

11A US + Fenton like+ FeOX + UVA 
+ 2–propanol (25 mM) 

47.84 ± 0.7 61.45 ± 1.1 1.49 E–03 0.86

11B US + Fenton like+ FeOX + UVA 
+ 2–propanol (50 mM) 

44.93 ± 1.5 57.11 ± 0.2 1.32 E–03 0.83

11C US + Fenton like+ FeOX + UVA 
+ Methanol (25 mM) 

51.24 ± 1.4 67.29 ± 3.8 1.63 E–03 0.85

11D US + Fenton like+ FeOX + UVA 
+ Methanol (50 mM) 

45.73 ± 0.1 60.27 ± 2.1 1.44 E–03 0.88

 

 
(A) 

 
(B) 

 

Figure 4.6: Time profiles of ARB dye decolorization in different experimental categories: (A) 

Decolorization profile in presence and absence of sparge gas, (B) Decolorization profile with and 

without addition of 2–propanol and methanol as •OH radical scavengers. 
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Table 4.5: Summary of the simulation results of cavitation bubble dynamics 

Species 

Bulk liquid medium: Water 
Argon (10 m) Oxygen (10 m) Nitrogen (10 m) Air (10 m) 
Tmax = 4932 K 

Pmax = 1191 bar 
Vturb = 0.017 m/s 
PAW = 3.471 bar 

Tmax = 2694 K 
Pmax = 2529 bar 
Vturb = 0.015 m/s 
PAW = 6.972 bar 

Tmax = 2817 K 
Pmax = 2384 bar 

Vturb = 0.0155 m/s 
PAW = 6.149 bar 

Tmax = 2827 K 
Pmax = 1905 bar 

Vturb = 0.0156 m/s
PAW = 4.65 bar 

xN2 = 0.0 
xO2 = 0.0 
xW = 1.0 

xN2 = 0.0 
xO2 = 0.875 
xW = 0.125 

xN2 = 0.874 
xO2 = 0.00 
xW = 0.126 

xN2 = 0.715 
xO2 = 0.19 
xW = 0.095 

Equilibrium mole fraction at first collapse 
H2O 2.81E–01 1.08E–01 1.05E–01 9.21E–02 
O2 4.86E–02 8.85E–01 3.25E–04 1.70E–01 
N2 – – 8.89E–01 6.97E–01 
OH 1.99E–01 5.44E–03 1.03E–03 5.01E–03 
HOO 1.03E–03 7.97E–04 2.62E–06 2.59E–04 
O 9.22E–02 6.59E–04 2.14E–05 5.71E–04 
H 1.75E–01 6.34E–06 9.42E–05 2.30E–05 
H2O2 7.11E–05 5.13E–05 1.14E–06 2.07E–05 
H2 2.03E–01 3.29E–05 2.80E–03 1.25E–04 
O3 – 2.07E–05 – 2.07E–06 
NO – – 1.64E–03 3.38E–02 
NO2 – – 1.87E–06 7.79E–04 
HNO – – 1.92E–06 7.45E–06 
N2O – – 4.28E–06 6.96E–05 
NH3 – – 2.70E–06 – 
HNO2 – – – 9.94E–05 

Note: 2.70E–06 should read as 2.7 × 106, Ro – initial radius of the cavitation bubble; Tmax – temperature peak 
reached in the bubble at the time of first collapse; Pmax – pressure peak reached in the bubble at the time of first 
collapse, Vturb – average velocity of the micro–turbulence generated by cavitation bubble (estimated at 1 mm 
distance from bubble center); PAW – pressure amplitude of the acoustic wave generated by the cavitation bubble; 
xW – mole fraction of water vapor in the bubble; xN2 – mole fraction of nitrogen in the bubble; xO2 – mole 
fraction of oxygen in the bubble 
 

4.6.2 Synergy of the hybrid AOPs 

 A useful tool to assess interactions among individual chemical pathways of different 

AOPs in a hybrid system on a gross level is to determine the synergy among the individual 

AOPs. The synergy could be defined on the basis of kinetic constants of decolorization, or on 

the basis of total decolorization achieved in hybrid system as compared to the individual 

systems. In the present case, we have used the former approach, and have defined synergy as: 
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kinetic constant in hybrid AOP kinetic constant of individual AOP
Synergy = 

kinetic constant of individual AOP




 

 

 

 

Figure 4.7: Synergism effect in hybrid advanced oxidation processes (HAOPs) for decolorization of 

Acid Red B (azo dye) and Methylene Blue (non–azo dye). Note: FeOX – ferrioxalate (Fe3+ + 2
2 4C O  ) 

 

The synergies in different hybrid AOPs, as determined by above formula, for both ARB and 

MB dyes are shown in Fig. 4.7. It could be seen that for binary AOPs of (sonolysis + Fenton–

like) or (sonolysis + photo–ferrioxalate), the synergy is positive. On the other hand, for the 

ternary hybrid AOP of sonolysis + Fenton–like + photo–ferrioxalate the synergy is negative. 

Explanation for these trends can be given along the discussion presented in previous sections: 

For the binary AOPs, the physical effect of ultrasound and cavitation (i.e. generation of 

micro–turbulence in the medium) assists and boosts the chemical effect of Fenton–like and 

photo–ferrioxalate system. As noted earlier, the production of radicals through Fenton–like 

system or photo–ferrioxalate system is higher and volumetrically more uniform. The micro–

convection generated by ultrasound and cavitation helps in effective utilization of these 

radicals by enhancing radical – dye molecule interaction. On the other hand, in ternary AOP 
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of sonolysis + Fenton–like + photo–ferrioxalate, the individual pathways of Fenton–like and 

photo–ferrioxalate systems hinder each other by competitive consumption of Fe3+. This 

results in negative synergy. With unsaturation of the medium, the pathway of photo–

ferrioxalate is further hindered due to scarcity of dissolved oxygen that reacts with oxalate 

radicals. This augments the negative synergy of ternary hybrid AOPs further. The numerical 

values of synergies in hybrid AOPs are different for the two dyes. However, the trends in 

synergy are same (i.e. positive synergy for binary AOP and negative synergy for ternary 

AOP), which indicates close resemblance in the physical mechanism of degradation of the 

two dyes. 

 

4.7 CONCLUSION 

 In the present study, an attempt is made to gain insight into physical mechanism of 

binary and ternary hybrid AOPs with combination of sonolysis, Fenton–like system and 

photo–ferrioxalate system. The decolorization profiles of the two model dyes, viz. Acid Red 

B (azo dye) and Methylene Blue (no–azo dye), essentially reveal same trends in all 

experimental categories. This result points at similarities in the physical mechanism of 

decolorization/ degradation of the two dyes despite significant dissimilarity in the chemical 

structure. Among the individual AOPs, sonolysis is revealed to have least decolorization 

efficiency, which is attributed to highly sporadic nature of transient cavitation events and low 

probability of interception of the radicals generated from transient cavitation with dye 

molecules. Even for an unsaturated medium, in which the cavitation bubble undergoes more 

intense collapse, contribution of sonolysis to decolorization is interior compared to other two 

systems. The contribution of ultrasound and cavitation in hybrid AOP is, thus, mostly of 

physical nature. Coupling of sonolysis with either Fenton – like system or photo–ferrioxalate 

system gives enhanced decolorization due to positive energy. 
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 However, coupling of all three AOPs gives a negative synergy due to interaction of 

the chemical mechanisms of Fenton–like and photo–ferrioxalate system. Dissolved oxygen in 

the reaction system is also revealed to have a crucial role. For unsaturated reaction systems 

with depleted dissolved oxygen, the pathway of photo–ferrioxalate is further hindered 

resulting in reduced in decolorization efficiency. 
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CHAPTER 5 

 

MECHANISTIC ANALYSIS OF 
SONO–PHOTOLYSIS PROCESS 

 

 

 

 

5.1 INTRODUCTION 

 Previous three chapters dealt with hybrid AOP involving iron (sono-Fenton, sono-

photo-Fenton and sono-photo-Ferrioxalate). Although these hybrid AOPs have demonstrated 

their efficacy in degradation of highly recalcitrant pollutants like azo, non-azo dyes and 

plastic intermediate of Bisphenol-A, the major limitation of these hybrid AOPs is the use of 

iron salt, and also use of acidic conditions for regeneration of Fe2+ in Fenton or Fenton-like 

processes. An alternate hybrid AOP is sono-photolysis, in which the conventional system of 

H2O2/UV-C is combined with sonolysis. This chapter deals with mechanistic investigations in 

this hybrid AOP. 

 The model system in our study is decolorization of the azo dye. We have used the 

methodology of coupling of experimental results on dye decolorization/ mineralization, and 

kinetic analysis of the decolorization profile using Arrhenius model with simulations of 

cavitation bubble dynamics. In addition, we have also studied intensification of sono–

photolysis process, in terms of faster decolorization and higher mineralization of the ARB 

dye, with addition of sodium salts (chloride, sulphate and nitrate) to the reaction mixture. 
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5.2 MATERIALS AND METHODS 

5.2.1 Materials 

 Hydrogen peroxide (H2O2, 30% v/v), NaOH (pellet form), H2SO4, NaCl, NaNO3, and 

Na2SO4 were purchased from Merck India Ltd. The azo dye Acid Red B or Acid Red 14 

(hereafter abbreviated as ARB) was procured from a local vendor a.b. Chemicals and 

Instruments, Guwahati, India. All chemicals were used as received without any pretreatment. 

The dye solutions for experiments were prepared using ultrapure water (≥18 ΩM·cm 

resistivity at 25oC). 

 

5.2.2 Experimental setup and procedure 

 Experiments were conducted in 6 categories as listed in Table 5.1 by 

permutation/combination of following techniques: (1) sonolysis, (2) mechanical stirring, (3) 

addition of H2O2, and (4) irradiation of UV–C light. 

 Experiments involving sonication were conducted in a dual frequency (37/80 kHz) 

ultrasonic bath (Model: P–30H, Elmasonic, Germany, capacity 2.75 L, Power: 130 W). The 

picture of the experimental setup is given in Fig. 5.1. This bath has the facility of automatic 

frequency tuning and amplitude compensation, which ensured constant power delivery to the 

reaction system during the sonication, despite changes occurring in reaction medium. The 

actual acoustic power input to the bath and pressure amplitude of the ultrasound waves 

generated thereby in the bath were determined using calorimetric technique (Chakma and 

Moholkar, 2014). The pressure amplitude of the ultrasound wave was calculated as 160 kPa. 

In each experiment, the ultrasonic bath was filled with 1.5 L of 0.04 mM (20 ppm) dye 

solution. The temperature of the dye solution during treatment was maintained constant at 

desired value by circulating water through a copper coil immersed in dye solution from a 

temperature–controlled water bath (Model: WB2000, Amkette Analytics). Experiments in 

TH-1390_11610705



MECHANISTIC ANALYSIS OF OF SONO–PHOTOLYSIS PROCESS 

 175

categories 2, 3 and 4 (refer to Table 5.1) were conducted at 298 K. Experiments in categories 

1, 5 and 6 (viz. sonolysis, photolysis and sono–photolysis) were conducted at three 

temperatures, viz. 283, 298 and 313 K, for Arrhenius analysis (determination of activation 

energy and frequency factor). 

For experiments with UV–C irradiation, an ultraviolet lamp with maximum peak 

emission wavelength of 254 nm was fixed above the ultrasonic bath, centrally over the 

surface of the dye solution in the bath. For safety measure, the whole setup was placed in a 

wooden black box to prevent the UV–C emission to surroundings. In all experiments 

involving UV, the UV lamp was kept switched on for 10 min prior to experiments for 

achieving uniform emission intensity of UV light. 

For experiments with mechanical stirring, the experiments were conducted in the 

ultrasonic bath itself. However, bath was kept switched off and no sonication was applied. 

Mechanical agitation to the dye solution in the ultrasonic bath was provided using an agitator 

(4 blade propeller, rotation speed 300 rpm) operated by motor with digital speed control 

(please refer to the picture of experimental setup provided in supplementary material). 

 In a typical experiment, the pH of the solution was adjusted as 7 by addition of either 

NaOH or H2SO4 to desired value. In experimental categories 2, 5 and 6 desired amount of 

H2O2 (1 mM) was added to the dye solution prior to treatment. 2 mL aliquots of reaction 

mixture were withdrawn at regular time interval to monitor the kinetics of decolorization. The 

residual dye concentration in the aliquots drawn from reaction mixture was determined using 

UV–Vis spectrophotometer (Model: Lambda 35, Perkin Elmer, absorbance wavelength 512 

nm). The total treatment period in all experimental categories was 60 min. All experiments 

were conducted in triplicate runs to ensure reproducibility of results. 

 At the end of each treatment, the solution in the bath was analyzed for complete 

mineralization of the original dye. The total organic carbon (TOC) removal from original dye 
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solution was assessed using a TOC analyzer (Aurora O–I–Analytical, Model: 1030). 

 

 

Figure 5.1: Experimental setup for sono–hybrid photolysis process for decolorization 

 

5.2.3 Intensification of AOPs and HAOP with salt addition 

 Decolorization/ mineralization of ARB dye with individual AOP of sonolysis and 

photolysis and HAOP of sono–photolysis was intensified by addition of salt (or electrolyte) 

to the dye solution. Three sodium salts, viz. NaCl or NaNO3 or Na2SO4, were used. In a 

typical experiment, 4 mM of NaCl or NaNO3 or Na2SO4 was added to the solution prior to 

the commencement of reaction. The temperature of the dye solution was maintained at 298 K. 

Rest of the procedure was same as described earlier. The rationale underlying salt addition 

will be explained in subsequent section. 

 

5.2.4 Kinetic (Arrhenius) analysis 

 The chemical pathway of the decolorization/ degradation of the ARB dye has been 

established by Gao et al. (2012) and Xia et al. (2014) with identification of the intermediates 

generated during the process. The decolorization/ degradation of the dye proceeds through 

three main reactions, viz. breakage of the chromophoric azo (–N=N–) bond, hydroxylation 
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and oxidation. A large number of reaction intermediates have been identified such as 1,4–

dihydroxynaphthalene, 1,2– and 1,4– naphthoquinone, 1–naphthol, 2–hydroxybenzoic acid, 

benzoic acid, carboxylic acids such as maleic acid, oxalic acid, lactic acid, acetic acid and 

formic acid, ketones and aldehydes. A detailed kinetic model of decolorization of the dye 

involving all intermediates is not available. Despite this difficulty, Gao et al. (2012) and 

Thiam et al. (2015) have reported that the time profiles of the decolorization of ARB dye are 

well fitted with pseudo 1st order kinetic model with respect to dye concentration. In view of 

this result, the time profiles of dye decolorization in the present study have been analyzed 

with pseudo 1st order kinetic model. Moreover, since the principal emphasis of this study is 

on investigation of physical mechanism of sono–photolysis process (and decolorization of 

ARB dye is being used only as a model system for this investigation), we have not identified 

the intermediates of degradation of the ARB dye. The time profiles of decolorization have 

been non–uniform in time in all experimental categories. Significant (> 60%) decolorization 

is achieved in first 10 min of treatment. Hence, the pseudo 1st order kinetic constant for 

decolorization was calculated using the kinetic data for first 10 min of treatment. Using the 

pseudo 1st order kinetic constants, activation energies for degradation with individual AOPs 

of sonolysis and photolysis and with the hybrid AOP of sono–photolysis was calculated 

applying Arrhenius equation: exp( / )ak A E RT  . Various notations are as follows: k – 

kinetic constant, A – frequency factor or pre–exponential factor, Ea – activation energy for the 

reaction, R – universal gas constant, T – temperature. 

 

5.2.5 Calculation of synergy 

 The mechanistic interactions among the individual AOPs were determined on the 

basis of a synergy index. The synergy index was calculated using the pseudo 1st order kinetic 

constants for HAOP of sono–photolysis and individual AOPs of sonolysis and photolysis. 
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The formula for calculation of synergy index is as follows: 

 
2 2

2 2

(US + H O  + UVC)

US (MS + H O  + UVC)

Synergy Index = 
 + 

k

k k
 

 

5.3 BUBBLE DYNAMICS MODEL 

 Both ultrasound and cavitation (the secondary effect of ultrasound) have physical and 

chemical effects on dye decolorization system (Chakma and Moholkar, 2013, 2015a). 

Cavitation is essentially the nucleation, growth and implosive collapse of gas or vapor 

bubbles, or in general sense, volume oscillations of the bubble. Occurrence of cavitation in 

the system requires presence of nuclei, which could be gas pockets trapped in the crevices of 

the solid boundaries of the reaction system such as reactor wall or sonicator surface, or these 

could be small, free–floating bubbles already present in the reaction mixture. The volume 

oscillations of cavitation bubbles are induced by variation in bulk pressure of the medium due 

to passage of ultrasound wave in the form of compression/ rarefaction cycles. If the pressure 

amplitude of the ultrasound wave is sufficiently higher than the static pressure in the medium, 

the cavitation bubble undergoes a transient collapse. The transient collapse of the cavitation 

bubble is extremely fast (occurring in few tens of nanoseconds) and adiabatic, and bubble can 

get compressed to extremely small size (typically 1/10th to 1/100th of original size). At this 

stage, the temperature and pressure in the bubble can reach extreme (~ 5000 K, ~ 500 bar), 

creating intense energy concentration on extremely small spatial and temporal scale. At 

transient collapse, the bubble content (which is a mixture of gas and vapor of bulk liquid 

medium) is subjected to extreme conditions of temperature and pressure generated in the 

bubble (Suslick, 1990). The gas and solvent vapor molecules present in the bubble undergo 

thermal dissociation to form various species, some of which are radical species. In most 

cases, water is employed as the bulk liquid medium for cavitation assisted processes. The 
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species arising out of dissociation of water vapor molecules are radical species such as H, O 

and OH. The oxidizing radicals, such as O, OH and 2HO , generated inside the bubble at 

transient collapse can either diffuse out of the bubble at the point of maximum compression 

of the bubble, or get released into the liquid medium if the bubble undergoes fragmentation 

during collapse. These radicals can induce and accelerate numerous reactions leading to 

oxidation/ degradation of pollutants. Cavitation also has physical effects on the reaction 

system (Chakma and Moholkar, 2015b). The principal physical effect of cavitation is 

generation of strong micro–convection in the medium through two mechanisms, viz. micro–

turbulence, which is oscillatory motion of liquid in vicinity of the bubble induced by volume 

oscillations of the bubbles, and shock waves (or acoustic waves) which are generated due to 

reflection of the fluid elements from the bubble interface, when the bubble comes to a sudden 

halt during compression phase radial motion. Both micro–turbulence and shock waves leads 

to intense micro–mixing in the reaction medium. The magnitudes of the physical and 

chemical effects of cavitation can be estimated using simulations of cavitation bubble 

dynamics. Passage of ultrasound wave in the form of alternate compression / rarefaction 

cycles also induces high velocity oscillatory motion of the fluid elements, called micro–

streaming. 

 In the present study, the diffusion limited ordinary differential equation (ODE) model 

proposed by Toegel et al. (2000) using boundary layer approximation has been used for 

estimation of physical and chemical effects of cavitation bubbles. This model is based on the 

comprehensive PDE model of Storey and Szeri (2000), which demonstrated that vapor 

transport and entrapment in the cavitation bubble, leading to formation of radicals, is 

essentially a diffusion limited process. A brief description of this hypothesis is as follows: 

Large amount of solvent evaporation occurs at the bubble interface during the expansion of 

cavitation bubble, and solvent vapor molecules enter and diffuse towards the bubble core. In 
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the subsequent compression phase, vapor molecules diffuse back to bubble interface and 

undergo phase change or condensation. However, in the final moments of transient bubble 

collapse, velocity of the bubble interface (or bubble wall) becomes extremely fast. At this 

stage, the time scale of bubble motion becomes smaller than the time scale of diffusion of 

vapor molecules, and time scale of their condensation at the bubble wall. As a result, not all 

of the vapor molecules that enter the bubble during expansion can condense during 

compression. This causes “entrapment” of some vapor molecules inside the bubble. These 

“entrapped” vapor molecules are subjected to conditions of extreme pressure and 

temperatures generated in the bubble at transient collapse, and undergo dissociation to 

generate radicals. Greater details on this model are given in our previous studies (Sivasankar 

and Moholkar, 2008; Chakma and Moholkar, 2013a, 2013b). For convenience of the reader, 

only the main components of the model and relevant data / boundary conditions have been 

reproduced below: 

The essential equations and thermodynamic data of this model have been summarized in 

Tables 2.1A and B (in Chapter 2). The model comprises of 4 ordinary differential equations 

as follows: 

(1) Keller–Miksis equation for the radial motion of the bubble. 

(2) Equation for the diffusive flux of solvent vapor through bubble interface.  

(3) Equation for the heat conduction through bubble interface. 

(4) Overall energy balance treating the cavitation bubble as an open system. 

The transport parameters, viz. thermal conductivity and diffusion coefficient, in the model 

have been determined using Chapman–Enskog theory using Lennard–Jones 12–6 potential at 

the bulk temperature of the liquid medium. Thermal and diffusive penetration depths are 

determined using dimensional analysis. This model does not take into account diffusion of 

gas across bubble interface as the time scale for the diffusion of gases (of the order of 
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milliseconds) is much higher than the time scale for the radial motion of bubble, which is of 

the order of microseconds. Numerical solution of four ODEs described in Table 2.1 (in 

Chapter 2) can be obtained using Runge–Kutta adaptive step size method (Press et al., 1994). 

We have considered an air bubble as the cavitation nuclei for simulations of cavitation bubble 

dynamics in the dye solution. The thermodynamic parameters for water, nitrogen and oxygen 

were taken from Hirschfelder et al. (1954), Condon and Odishaw (1958), Reid et al. (1987). 

Other parameters used in the simulation of bubble dynamics equation and their numerical 

values are as follows: Ultrasound frequency (f) = 37 kHz; Ultrasound pressure amplitude 

(PAW) = 160 kPa (1.6 bar); Equilibrium bubble radius (Ro) = 10 m. Vapor pressure of liquid 

medium (water) at different temperatures of treatment (viz. 283, 298, and 313 K) was 

calculated using Antoine type correlation. Various physical properties of water are as 

follows: density (L) = 1000 kg/m3, kinematic viscosity () = 10–6 Pa–s, surface tension () = 

0.072 N/m and velocity of sound (c) = 1481 m/s. 

 

5.3.1 Estimation of physical and chemical effects of transient cavitation 

Radical generation by cavitation bubbles: Numerical solution of bubble dynamics model 

gives the number of solvent (or water) vapor molecules present in the bubble at the moment 

of transient collapse. These vapor molecules along with the gas (or air) molecules comprising 

the bubble undergo thermal dissociation at the extreme conditions of temperature and 

pressure reached in the bubble at transient collapse. Due to very small bubble volume at the 

instance of maximum compression (or minimum radius) during radial motion, the 

concentrations of various species in the bubble are very high. Moreover, the temperature 

inside the bubble at transient collapse is extremely high. As a result of these two features, the 

rates of various reactions occurring inside the bubble are expected to be extremely fast. The 

bubble contents are, thus, expected to be always at thermal equilibrium (Brenner et al., 2003). 
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The equilibrium mole fraction of the various species in the bubble generated from thermal 

dissociation of vapor and gas molecules at the conditions of temperature and pressure peak 

reached inside the bubble can be calculated using free–energy minimization technique 

(www.factsage.com; Eriksson, 1975; Bale et al., 2002). 

 

Sonophysical effect of cavitation: As stated earlier, volume oscillations of the cavitation 

bubble induce oscillatory motion of surrounding liquid. This is called micro–turbulence. The 

pulsating bubble can also emit acoustic (or shock) wave due to reflection of fluid from 

surface of the bubble, as the bubble comes to sudden halt during radial motion. The 

magnitudes of micro–turbulence velocity and pressure amplitude of the shock or acoustic 

wave, at a distance r from the center of the bubble, can be calculated from numerical result of 

bubble dynamics model using following formulae (Leighton, 1994; Grossmann et al., 1997; 

Moholkar and Warmoeskerken, 2003): 

Micro–convection:  
2

2
,    turb

R dR
V r t

r dt
   
 
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where Vb is the volume of the bubble. A representative value of r is taken as 1 mm.  

 

5.4 RESULTS AND DISCUSSION 

5.4.1 Decolorization profiles and TOC removal in different experimental categories 

 Fig. 5.2 depicts the time evolution of the UV–vis spectra of samples of the dye 

solution withdrawn from reaction mixtures at different time intervals for the individual AOP 

of photolysis (MS + H2O2 + UV). Diminishing absorbance at wavelength of 512 nm with 

time of treatment is indicative of the decolorization of the dye. The time profiles of dye 
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decolorization in different experimental categories are shown in Fig. 5.3A, while the 

reduction in TOC in the dye solution in these categories is depicted in Fig. 5.3B. The 

summary of experimental results in all 6 categories along with the pseudo 1st order kinetic 

constant for decolorization is given in Table 5.1A. It could be seen from Fig. 5.2 that after 60 

min of treatment the absorbance at 512 nm is almost negligible, indicating complete 

decolorization of the dye. However, the TOC removal in this period, as seen from Fig. 5.3B, 

is mere 37%. This essentially means that the kinetics of mineralization is not as fast as 

decolorization. This trend is seen for all 6 experimental categories listed in Table 5.1A. The 

peculiar trends in decolorization and TO removal in different experimental categories and 

explanations for the same can be given as follows: 

(1) Among the individual AOPs, the least decolorization is seen for category 3 in which 

the UV–C light is applied with mechanical stirring. In this case, the UV–C light is expected 

to cause photo–tendering effect on dye molecules due to breakage of chromophores. 

However, this process is not very efficient due to low concentration of dye molecules in 

solution, which results in least decolorization. 

(2) Sonolysis alone gives moderate decolorization of ~ 33%. In this case, the oxidation 

radicals generated from transient cavitation induce degradation reactions. Nonetheless, due to 

high instability of the radicals and also dilute concentration of dye in the solution (which 

restricts the probability of dye–radical interaction), the net utility of these radicals towards 

hydroxylation/ oxidation reactions leading to degradation of dye is limited, which results in 

moderate decolorization. 
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Figure 5.2: Evolution of UV–visible spectra of reaction mixture with time for individual AOP of 

photolysis (MS + H2O2 + UVC) 

 

 

 

(A) 

 

(B) 

 

Figure 5.3: (A) Time history of decolorization of ARB dye, and (B) TOC removal in different 

experimental protocols. 
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Table 5.1: Summary of experimental results 

(A) Total decolorization and pseudo 1st order kinetic constant of decolorization in different 

protocols 

Experimental category Decolorization (%) k (s–1) R2 

1. US alone 33.29 ± 0.20 1.20 × 10–4 0.95 

2. US + H2O2 35.30 ± 0.77 1.30 × 10–4 0.97 

3. MS + UVC 7.95 ± 1.21 1.87 × 10–5 0.90 

4. US + UVC 36.01 ± 0.79 1.50 × 10–4 0.88 

5. MS + H2O2 + UVC 92.99 ± 1.72 1.65 × 10–3 0.98 

6. US + H2O2 + UVC 93.52 ± 0.58 3.01 × 10–3 0.97 

 

(B) Effect of temperature on decolorization in individual and hybrid AOP 

Experimental category Temperature (K) Decolorization (%) k (s–1) R2 

1. Sonolysis 

(US only) 

283 34.96 ± 0.39 1.50 × 10–4 0.85 

298 33.29 ± 0.20 1.20 × 10–4 0.95 

313 31.61 ± 1.84 1.10 × 10–4 0.99 

2. Photolysis 

(MS+ UVC + H2O2) 

283 91.29 ± 1.24 1.42 × 10–3 0.98 

298 92.99 ± 1.72 1.65 × 10–3 0.98 

313 94.59 ± 2.02 3.14 × 10–3 0.98 

3. Sono–Photolysis 

(US + UVC + H2O2) 

283 90.68 ± 1.60 2.49 × 10–3 0.93 

298 93.52 ± 0.58 3.01 × 10–3 0.97 

313 94.22 ± 1.74 4.10 × 10–3 0.95 

 

(C) Effect of salt addition to reaction mixture on decolorization process in HAOP of sono–

photolysis 

Experimental category Decolorization (%) k (s–1) R2 

10 min 60 min 

1. Sono–Photolysis + NaCl 84.0 ± 2.03 94.22 ± 2.60 4.76 × 10–3 0.91 

2. Sono–Photolysis + NaNO3 75.24 ± 1.92 91.42 ± 2.55 3.18 × 10–3 0.87 

3. Sono–Photolysis + Na2SO4 83.13 ± 1.89 92.78 ± 2.55 5.27 × 10–3 0.86 
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(3) The decolorization/ degradation achieved in category 2 (ultrasound + H2O2) is only 

slightly higher than in category 1, where ultrasound alone has been applied. With addition of 

H2O2 to dye solution, the reaction system is expected to generate more •OH radicals by two 

possible mechanisms: (i) evaporation and thermal dissociation of H2O2 inside the cavitation 

bubble, or (ii) photolytic dissociation of H2O2 induced by the sonoluminescence light emitted 

by transient cavitation bubbles. However, almost similar decolorization in experimental 

category 1 & 2 indicates that neither of the two mechanisms of H2O2 dissociation is 

prevalent, which could give marked enhancement to decolorization. Evaporation of H2O2 in 

cavitation bubble is not significant due to low vapor pressure. The sonoluminescence light 

emitted during transient collapse is also too weak to activate photolysis, as reported by Balaji 

et al. (2012). 

(4) In category 4, where ultrasound and UV–C light is applied simultaneously, the 

expected synergy among the two techniques is photolytic dissociation of the H2O2 – either 

produced during transient collapse of cavitation bubbles or in–situ generated H2O2 due to 

recombination of •OH radicals produced by the transient cavitation. However, in this 

category as well, the extent of decolorization is only slightly higher than sonolysis alone. This 

result could be explained on the basis of results of simulations of cavitation bubble dynamics 

given in Table 5.1. As seen from the equilibrium mole fractions of species, H2O2 is produced 

in negligible amount (i.e. mole fraction ~ 10–5) at transient bubble collapse. Similarly, in–situ 

H2O2 generation through recombination of •OH radicals is also expected to be small, and 

hence, the above mentioned synergy between ultrasound and UV–C irradiation is not 

prevalent to yield enhanced decolorization. The TOC removal with this technique, however, 

is approximately 15% higher than sonolysis. This effect is possibly a consequence of 

complete mineralization of the degradation intermediates produced by ultrasound and 

transient cavitation by the UV–C light through photo–tendering effect, as noted earlier. 
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Table 5.2: Results of simulations of cavitation bubble dynamics 

Species 

Bulk liquid medium: Water 
T= 283 K T = 298 K T = 313 K 

Tmax = 4070 K 
Pmax = 5308 bar 
Vturb = 0.014 m/s 
PAW = 19.48 bar 

Tmax = 3871 K 
Pmax = 4704 bar 
Vturb = 0.014 m/s 
PAW = 16.33 bar 

Tmax = 3343 K 
Pmax = 3047 bar 
Vturb = 0.014 m/s 
PAW = 9.214 bar 

xN2 = 0.762 
xO2 = 0.203 
xW = 0.036 

xN2 = 0.720 
xO2 = 0.191 
xW = 0. 089 

xN2 = 0.632 
xO2 = 0. 168 
xW = 0.200 

Equilibrium mole fraction at the moment of transient collapse 
N2 0.710 0.714 0.708 
O2 0.143 0.148 0.161 
NO 9.98 × 10–2 8.91 × 10–2 5.97 × 10–2 
H2O 2.03 × 10–2 2.58 × 10–2 5.63 × 10–2 
OH 1.41 × 10–2 1.30 × 10–2 9.93 × 10–3 
O 8.83 × 10–3 6.47 × 10–3 2.37 × 10–3 
O3 1.76 × 10–5 1.41 × 10–5 6.29 × 10–6 
NO2 1.68 × 10–3 1.57 × 10–3 1.17 × 10–3 
HOO 7.02 × 10–4 6.54 × 10–4 4.97 × 10–4 
H2 4.84 × 10–4 4.37 × 10–4 3.27 × 10–4 
H 5.43 × 10–4 3.86 × 10–4 1.33 × 10–4 
H2O2 2.61 × 10–5 2.76 × 10–5 3.09 × 10–5 
HNO 7.94 × 10–5 6.27 × 10–5 2.82 × 10–5 
HNO2 1.84 × 10–4 1.79 × 10–4 1.54 × 10–4 
N 2.64 × 10–5 1.34 × 10–5 1.55 × 10–6 
N2O 3.71 × 10–4 3.09 × 10–4 1.61 × 10–4 
NH 3.06 × 10–6 1.64 × 10–6 – 

Note: Tmax – temperature peak reached in the bubble at the time of first collapse; Pmax – pressure peak 
reached in the bubble at the time of first collapse, Vturb – average velocity of the micro–turbulence 
generated by cavitation bubble (estimated at 1 mm distance from bubble center); PAW – pressure 
amplitude of the acoustic wave generated by the cavitation bubble; xW – mole fraction of water vapor 
in the bubble; xN2 – mole fraction of nitrogen in the bubble; xO2 – mole fraction of oxygen in the 
bubble 

 

(5) Categories 5 and 6, i.e. photolysis and sono–photolysis, result in almost complete 

decolorization in 60 min of treatment. This is a consequence of effective production of •OH 

radicals through dissociation of the H2O2 added to the reaction mixture. However, comparing 

the total decolorization in categories 5 and 6, only a slight increase is seen with application of 

ultrasound in category 6. This essentially means that dissociation of H2O2 to produce OH 

radicals that induce reactions leading to decolorization (viz. breakage of –N=N– bond, 
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oxidation and hydroxylation) mainly occurs via UV–C light and not through ultrasound and 

transient cavitation. Inefficiency of ultrasound and transient cavitation for effective 

dissociation of H2O2 is also evident from results of experimental category 2, as discussed 

earlier. Ultrasound and cavitation also have physical effects on the reaction system in term of 

generation of intense micro–convection in the medium due to shock waves and micro–

turbulence induced by transient collapse of the cavitation bubble. These physical effects 

influence the hydroxylation/ oxidation reactions leading to degradation of the dye molecules. 

Random micro–turbulence generated by ultrasound and cavitation reduces the fruitful 

interactions between the oxidizing radicals and the dye molecules. This hypothesis is also 

corroborated by the law of frequency factor for sono–photolysis determined from Arrhenius 

analysis (discussed in greater detail in next section). Intermediate species of dye 

decolorization (generated mainly through photolysis induced reactions) can undergo further 

degradation and mineralization either via reactions with radicals generated from cavitation 

bubbles or thermal decomposition / degradation in the interfacial region of cavitation bubble 

that can get heated to high temperature (or even reach supercritical conditions) during 

transient collapse of the bubble (Kotranarou et al., 1991; Hua et al., 1995). This supportive 

(yet subordinate) role of ultrasound and cavitation in the hybrid AOP of sono–photolysis is 

manifested in terms of approximately 2–fold higher kinetic constant of decolorization and 

35% higher TOC removal, as compared to photolysis alone. 

 The above discussion essentially points at physical role played by ultrasound and 

cavitation in the hybrid AOP of sono–photolysis. 

 

5.4.2 Results of kinetic (or Arrhenius) analysis 

 As noted earlier, experiments were conducted in three temperatures (viz. 283, 298 and 

313 K) of reaction mixture, for estimation of Arrhenius parameters (viz. frequency factor and 
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activation energy) for the individual and hybrid AOPs. The results of these experiments are 

given in Table 5.1B. The time profiles of decolorization and TOC removal at different 

temperatures with individual and hybrid AOPs are depicted in Fig. 5.4.  

 

 
(A) 

 
(B) 

 
(C) 

 
(D) 

 
Figure 5.4: Time profiles of ARB dye decolorization at different temperatures for individual and 

hybrid AOP: (A) Sonolysis, (B) Photolysis, (C) Sono–photolysis. (D) TOC removal at different 

temperatures for individual and hybrid AOP 
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Table 5.3: Results of kinetic (Arrhenius) analysis for individual and hybrid AOP 

Experimental Category Ea 
(kJ mol–1) 

A 
(mol L–1 s–1) 

1. Sonolysis (US alone) –7.38 6.46 × 10–6 

2. Photolysis (MS + H2O2 + UVC) 19.19 4.56 

3. Sono–Photolysis (US + H2O2 + UVC) 12.18 0.432 

 

The Arrhenius plots and the parameters for the individual and hybrid AOPs are given Fig. 5.5 

and Table 5.3. Analysis of these parameters vis–à–vis the results of simulations of cavitation 

bubble dynamics highlights some important aspects of physical mechanism of the individual 

and hybrid AOPs as outlined below: 

(1) The activation energy for sonolysis is negative (–7.38 kJ/mol) and the frequency 

factor is also extremely small (6.46 × 10–6 mol/L·s). An explanation for these results can be 

given on the basis of simulations of cavitation bubble dynamics given in Table 5.2. The 

temperature and pressure peak reached in the bubble at transient collapse reduces with bulk 

liquid temperature. This is a consequence of higher evaporation and entrapment of water 

vapor inside the bubble with increasing temperature of bulk liquid at the moment of transient 

collapse. The evaporation of the water vapor inside the bubble is proportional to the vapor 

pressure of the liquid at bubble interface, which increases with bulk liquid temperature. The 

intensity of bubble collapse reduces with increasing temperature that results in reduction in 

formation of oxidizing radicals such as •OH and •O; and hence, reduction in extent of 

decolorization. The kinetic constant of decolorization reduces proportionally with 

temperature (against the Arrhenius hypothesis of rise in kinetic constant with temperature), 

which results in negative activation energy. 

 The low frequency factor for sonolysis is attributed to sporadic nature of transient 

cavitation phenomena and high instability of the radicals generated from cavitation bubbles. 
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These radicals are released into the bulk liquid medium at the spot of bubble collapse. Due to 

high instability, these radicals do not diffuse into the medium. Thus, these radicals are 

intercepted by only the dye molecules present at the interface of the bubble. The occurrence 

of transient cavitation phenomena is also highly non–uniform in the reaction medium. This 

factor puts severe limitation on the interactions (or fruitful collisions) between dye molecules 

and the oxidizing radicals, which is manifested in terms of low frequency factor. 

(2) The activation energy for photolysis (which essentially is photon–induced cleavage of 

bonds) is positive, i.e. 19.19 kJ/mol.  Mechanical stirring of the dye solution ensures uniform 

concentration of H2O2 in the reaction mixture, due to which the radical production is also 

uniform. Moreover, mechanical stirring produces even and orderly convection in the medium, 

which assists in enhancing interaction of •OH radicals with dye molecules leading to effective 

degradation of the latter. All of these of these factor lead to high frequency factor for the 

process of photolysis. 

(3) In case of sono–photolysis, both mechanisms described in previous points are present 

in the reaction medium. However, the decolorization reactions are mostly contributed by the 

radicals generated through photolysis of H2O2, due to more uniform production of these 

radicals in reaction volume. The contribution of radicals produced from transient cavitation is 

relatively lower, due to sporadic nature of transient cavitation events. As a result, the net 

activation energy of the decolorization process is positive. As in sonolysis, the random 

micro–convection generated by transient cavitation causes random motion of dye molecules 

and adversely affects their interactions with radicals. This is manifested in terms of reduction 

in frequency factor, as compared to photolysis alone. 
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Figure 5.5: Arrhenius plots (ln k vs. 1/T)  for ARB dye decolorization at different temperatures for 

individual and hybrid AOP. (A) Sonolysis, (B) Photolysis, (C) Sono–photolysis 

 

5.4.3 Effect of salt addition 

 The results of decolorization experiments employing hybrid AOP of sono–photolysis 

with different salt addition are depicted in Table 5.1C. The time profiles of decolorization and 

the extent of TOC removal with addition of three sodium salts, viz. NaCl, NaNO3 and 

Na2SO4, are shown in Fig. 5.6. Although the total decolorization obtained with all three 

sodium salts in 60 min of treatment is almost similar, the kinetic constants of decolorization 

vary significantly. The pseudo 1st order kinetic constants for decolorization for the three salts 

are in the order: Na2SO4 > NaCl > NaNO3. An explanation for the same can be given as 
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follows: There are essentially two mechanisms through which the salt addition can enhance 

decolorization in sono–photolysis system: 

(1) Addition of salt enhances the ionic strength of the medium. This phenomenon 

augments the hydrophobic repulsive interactions between dye and water molecules. As a 

result, the dye molecules are “pushed” towards the bubble interface, which also has 

hydrophobic character (Seymour and Gupta, 1997; Sivasankar and Moholkar, 2009) [43,44]. 

This phenomenon causes increased concentration of the dye molecules at bubble interface, 

which boosts the probability of radical–dye molecule interaction resulting in faster and 

greater decolorization/ degradation. 

(2) In the second mechanism, the dissociation of the salt can generate ions, which can 

react with •OH and 2HO  radicals to form other radical species that can also contribute to 

decolorization/ degradation of the dye. This “conservation” of radicals also prevents the 

radicals generated through sonolysis and photolysis from recombining, which is a loss of 

oxidation potential. 

 Evaluation of decolorization results with salt addition against these hypotheses reveals 

following mechanistic features of this technique: The ionic strengths of the three salts used in 

this study are as follows: Na2SO4 – 0.01 mM, NaCl and NaNO3 – 0.004 mM. The highest 

effect on decolorization is that of ionic strength as seen from the highest kinetic constant for 

Na2SO4. NaCl and NaNO3 have similar ionic strengths; however, the kinetic constant of 

decolorization for NaCl is 50% higher than that of NaNO3. Cl ions produced through 

dissociation of NaCl in the reaction mixture can react with •OH and 2HO  radicals to generate 

additional oxidation species such as Cl• and 2Cl . Various reactions reported in literature that 

can possibly occur between •OH radicals and Cl ions are given below (Tan et al., 2013): 

   OH Cl ClOH        (5.1) 
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   2ClOH H Cl H O        (5.2) 

   2Cl Cl Cl         (5.3) 

Conservation of •OH radicals is manifested terms of faster decolorization of dye with NaCl 

addition. 

 In case of NaNO3, however, no reactions between the anions 3NO  and •OH radicals 

have been reported in literature. Thus, there is no conservation of oxidizing radicals produced 

from cavitation bubbles, as seen for NaCl. The only mechanism that exists for enhancement 

of decolorization with NaNO3 addition is that of higher partitioning of dye molecules near 

bubble interface, which results in greater interception of the •OH radicals produced from 

cavitation bubble by dye molecules. Due to moderate ionic strength, this effect is not as 

marked as Na2SO4, which is manifested in terms of lowest kinetic constant for decolorization 

among the three salts. 

 

 

(A) 

 

(B) 

 

Figure 5.6: (A) Time history of ARB dye decolorization, and (B) TOC removal with salt addition in 

the hybrid AOP of sono–photolysis 

TH-1390_11610705



MECHANISTIC ANALYSIS OF OF SONO–PHOTOLYSIS PROCESS 

 195

 An interesting result as observed through Table 5.1C and Fig. 5.6 is slower 

decolorization rate (indicated by lower kinetic constant) yet higher TOC removal for NaNO3 

as compared to NaCl. An explanation for the same can be offered as follows: For NaNO3, the 

reactions occurs mainly through attack of •OH radicals, which are strong oxidants (oxidation 

potential of 2.8 eV) that give not only decolorization (by breakage of –N=N– chromophores) 

but also complete mineralization. On the other hand, Cl• and 2Cl  radicals generated by 

reactions of Cl  with •OH radicals are efficient in breakage of chromophoric –N=N– 

linkages. However, the oxidation potentials of these radicals, viz. 2.4 and 1.36 eV for Cl• and 

2Cl , respectively (Tan et al., 2013), are lesser than that of OH radical. Therefore, these 

radicals are not as effective as •OH radicals for complete mineralization of dye. This is 

reflected in relatively lesser mineralization of the ARB dye with NaCl, as compared to other 

two salts. 

 Finally the synergy index was calculated for ultrasound-assisted hybrid process and 

presented in Fig. 5.7.  

 

 

 
Figure 5.7: Synergy indices for hybrid advanced oxidation process (HAOP) without and with salt 

addition 
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5.5 CONCLUSION 

 The present study has reported mechanistic investigation of the hybrid AOP of sono–

photolysis. Concurrent analysis of experimental results with simulations of cavitation bubble 

dynamics has brought forth some interesting links and interactions between mechanisms of 

individual AOPs of sonolysis and photolysis – when applied together in sono–photolysis. The 

major findings of this study are summarized as follows: 

(1) In the hybrid AOP of sono–photolysis, •OH radicals generated through photolytic 

dissociation of H2O2 contribute mostly to the decolorization reactions comprising breakage of 

–N=N– chromophoric linkages, hydroxylation and oxidation. 

(2) Role of ultrasound and cavitation in the hybrid AOP is rather subordinate. The total 

decolorization obtained with photolysis shows negligible change with simultaneous 

application of ultrasound. This result is attributed to highly sporadic nature of transient 

cavitation events. However, ultrasound causes enhancement in the kinetics of decolorization 

as well as extent of mineralization, as compared to photolysis. Intermediates of dye 

degradation generated through photolysis possibly undergo mineralization via either thermal 

decomposition at the interfacial region of transient cavitation bubbles or 

hydroxylation/oxidation induced by radicals produced from transient collapse of cavitation 

bubbles. 

(3) The physical effect of intense and random micro–convection induced by transient 

cavitation has adverse effect on the decolorization reactions induced by photolysis, as the 

random movement of dye molecules induced by shock waves emitted by transient cavitation 

bubbles reduce the number of fruitful collision (or interactions) of dye molecules with the 

•OH radicals generated by photolysis. 

(4) Both kinetics of decolorization and extent of TOC removal (or mineralization) in sono–

photolysis can be enhanced by addition of salt to the reaction medium. The ionic strength of 
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the electrolyte makes major impact on this enhancement, as it increases the hydrophobic 

interactions between dye molecules (and also degradation intermediates) and water that 

results in greater partitioning of these species at the bubble interface. These species can 

undergo further degradation at bubble interface either through hydroxylation/ oxidation or 

thermal decomposition. 

The mechanistic insight gained in the hybrid AOP of sono–photolysis in this study could 

form useful inputs for further investigations in degradation of bio–recalcitrant pollutants 

using sono–photolysis. 
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CHAPTER 6 

 

MECHANISTIC INVESTIGATIONS IN 
SONO­PERSULFATE OXIDATION PROCESS 

 

 

 

 

6.1 INTRODUCTION 

 The previous chapters presented mechanistic investigations in hybrid AOPs which 

were based on production of •OH radicals and their utilization for oxidation/ degradation 

reactions. Although results presented in last four chapters are encouraging as •OH radical 

based hybrid AOPs have been proven to be very effective in decolorization / degradation of 

different recalcitrant pollutants, the practical applicability of these processes on large scale is 

limited due to less stability of the reagent involved in process, and the restricted range of 

operating conditions (specially the pH) (Watts and Teel, 2006; Huling and Pivetz, 2006; Zou 

et al., 2014). An alternate route for generation of oxidizing radicals is the persulfate system. 

Metal persulfates (sodium / potassium / ammonium salts) have been a known source of 

generating radicals in the reaction system. In fact, persulfate have been conventionally used 

as initiators of polymerization reaction (Price and Clifton 1996). However, more recently 

persulfate based degradation of recalcitrant pollutants as well as in-situ chemical oxidation of 

organic contaminants in soil and ground water has been extensively investigated. An 

important advantage of persulfate oxidant over hydroxyl radical is greater stability in 

presence of impurities (Xie et al., 2012). Moreover, persulfate is also able to maintain non-
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selective reactivity over longer period for large variety of pollutants, especially for 

decontamination of ground water. Persulfate can be activated in the form of strong and non-

reactive sulfate radical ( 4SO ) with oxidation potential of 2.6 eV (Zou et al., 2014). The 

activation of persulfate can be done by heat or UV or transition metal (TM) ions. The 

relevant reactions (Eqs. 6.1-6.7) in persulfate system have been described in Chapter 1; 

however, for convenience of readers, we reproduce herewith again (Wang et al., 2015; Kusic 

et al., 2011; Roshani and vel Leitner, 2011): 

   2
2 8 4S O + heat  2 SO       (6.1) 

   ))))))2
2 8 4S O  2 SO

ultrasound
       (6.2) 

   2
2 8 4S O +  2 SOhv       (6.3) 

   2 2+ 3+ 2
2 8 4 4S O  + Fe Fe + SO  + SO      (6.4) 

   3+ 2 2+
2 8 4Fe + S O  2 SO  + Fe      (6.5) 

   2
2 8 2 8S O  + OH  OH  + S O        (6.6) 

   2 2
2 8 4 4 2 8S O  + SO  SO  + S O        (6.7) 

A few authors have recently combined the persulfate system with ultrasound (Zou et al., 

2014; Wang et al., 2015). Ultrasound can cause activation of persulfate leading to generation 

of sulfate radicals by two mechanisms. The first mechanism is thermal and related to 

transient cavitation. At the moment of transient collapse, the temperature and pressure inside 

the bubble reach extreme (~ 5000 K, ~ 500 bar) (Suslick, 1990). Although the collapse of 

bubble is extremely fast and adiabatic and extreme conditions inside the bubble also last for 

very short period (of the order of few tens of nano-seconds), some heat transfer does occur 

across the bubble wall (Yasui, 1997). A thin liquid layer in immediate vicinity of bubble 

interface gets heated to moderate temperature of ~ 300 – 500oC (Kotronarou et al., 1991). 

This temperature is sufficient to causes thermal decomposition of the persulfate into sulfate 
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radicals. In addition, the transient collapse of cavitation bubble also generates •H and •OH 

radicals through dissociation of water molecules (Chakma and Moholkar, 2013a, 2013b). 

These radicals can also activate persulfate ion into sulfate radical via following reactions 

(Kusic et al., 2011; Roshani and vel Leitner, 2011). 

   2
2 8 4 4 2

1
S O  + OH  SO  + HSO  +  O

2
       (6.8) 

   2 + 2
2 8 4 4S O  + H  SO  + H  + SO       (6.9) 

 

Literature in the area of hybrid sono-persulfate process for degradation of recalcitrant 

pollutants is limited (for example: Zou et al., 2014; Wang et al., 2015; Chen and Huang, 

2015; Deng et al., 2015; Wang et al., 2014; Hao et al., 2014; Nachiappan and Muthukumar, 

2013; Hori et al., 2012). The focus of this literature is mostly on results and not on rationale. 

Although all authors have reported augmentation in degradation of pollutants through the 

hybrid process as compared to either sonolysis or persulfate treatment. The exact mechanism 

of synergy between these two processes is not fully explored. Discernment of the physical 

mechanism of sono-persulfate process would essential mean identification of links between 

physics of cavitation and ultrasound and chemistry of persulfate treatment. In the present 

study, we have addressed this fundamental issue. By application of the three techniques (viz. 

sonolysis, UV-C and transition metal (Fe2+)) for activation of persulfate anion into sulfate 

radical either individually or in combination. We have experimentally deduced the variation 

in extent of decolorization. The trends in extent of decolorization in different experimental 

categories (employing either individual or combined activation technique) reveal the 

individual contribution of each technique and also help in discrimination between the 

different mechanisms, as explained in the sections below. 
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6.2 MATERIALS AND METHODS 

6.2.1 Materials 

 Sodium persulfate (Na2S2O8, 99%) and ferrous heptahydrate sulfate (FeSO4·7H2O, 

99.5%) were procured from HiMedia Laboratories Pvt. Ltd. Sodium hydroxide pellet (NaOH) 

and sulfuric acid (H2SO4, 98%) were procured from Merck India Ltd. All of these chemicals 

were analytical reagent grade. Acid Red B dye (C20H12N2Na2O7S2 or disodium 4–hydroxy–2–

[(E)–(4–sulfonato–1–naphthyl)diazenyl] naphthalene–1–sulfonate) was procured from a local 

vendor a.b. Chemicals and Instrumentations Pvt. Ltd., Guwahati, India. All chemicals were 

used as received from the suppliers without any pretreatment. The experiments were carried 

out using ultrapure Milli–Q water (≥18 MΩ·cm resistivity at 25oC) from Milli–Q synthesis 

unit (Millipore®, USA). 

 

6.2.2 Experimental setup and procedure 

 Experiments were conducted in 3 categories with either individual or binary or ternary 

activation techniques (with combinations of ultrasound, Fe2+ and UV-C) for activation of 

persulfate. As base case for comparison of decolorization results, experiments were also 

conducted with individual technique of sonolysis, UV-C treatment with mechanical stirring 

and persulfate treatment with mechanical stirring. 

 All decolorization reactions were carried out in 250 mL beaker of borosilicate glass. 

Experiments with mechanical stirring were conducted using a magnetic plate at 300 rpm. An 

ultrasound bath (Jeio Tech, South Korea, Capacity: 10 L, Model: UC–10, frequency: 40 kHz, 

power rating: 200 W) was used for sonication in experiments with ultrasound irradiation. The 

acoustic power dissipation in the ultrasound bath was calibrated using calorimetric technique 

(Bhasarkar et al., 2013; Chakma and Moholkar, 2014). The acoustic intensity of the bath was 

determined as 1.2 W/cm2 with a volumetric energy dissipation of 8.71 W/L. On the basis of 
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the acoustic intensity, the pressure amplitude of the ultrasound waves was calculated as 1.9 

bar. The beaker with reaction mixture was placed at the center of the ultrasound bath. The 

position of the reaction beaker in the bath was maintained carefully the same in all 

experiments to avoid artifacts arising due to spatial variation of the acoustic intensity in the 

bath (Gogate et al., 2002). 

 For experiments with UV irradiation, UV-C tube (Philips, TUV 11W) with maximum 

peak emission wavelength at 254 nm was used as UV source. The UV source was placed 

exactly above the mouth of the reaction beaker. The distance of the UV lamp from the 

surface of the reaction mixture was 14 cm. 

 In a typical decolorization experiment, 50 mL of dye solution with an initial 

concentration of 20 mg/L (corresponding concentration 0.04 mM) was taken in the reaction 

beaker. Prior to commencement of the treatment, persulfate (4 mM) and Fe2+ (4 mM) were 

added to the solution and the pH of the solution was adjusted to desired value using NaOH or 

H2SO4. For UVC-activated persulfate treatment for decolorization, the pH of the reaction 

mixture was set at optimum value of 6.5, as reported by Gao et al. (2012). For Fe2+ activated 

persulfate treatment, the pH of the reaction mixture was set at 3.5, which is the optimum 

value of pH reported by Xu and Li (2010). Aliquots of the reaction mixture were withdrawn 

at regular time intervals for monitoring the progress of decolorization. After withdrawal of 

the aliquot, the decolorization reactions were immediately quenched by adding 1 mL of 

methanol. The residual concentration of dye in the aliquot was measured with a UV–Vis 

spectrophotometer (Perkin Elmer, Model: Lambda 35) by monitoring absorbance at 512 nm. 

In addition, the mineralization in term of total organic carbon (TOC) removal from the dye 

solution was analyzed using a TOC analyzer (O–I–Analytical, Model: Aurora 1030). 
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6.2.3 Kinetics of decolorization 

 Rodriguez et al. (2014) have reported the chemical pathway for oxidation of azo dye 

Orange G by Fe2+ and Fe3+ activated persulfate. The degradation commences with breakage 

of the azo bond; that results in formation of aniline and substituted naphthalene disulfonic 

acid. Aniline is further oxidized to phenol, benzoquinone and straight chain organic acid 

(after ring opening) such as oxalic, fumeric and maleic acids. The naphthalene disulfonic acid 

is degraded into naphthalene derivatives and further converted into phthalic acid and benzene 

derivatives such as catechol, hydroquinone, naphthoquinone and other organic acids. A 

similar mechanism is also observed for degradation of azo dye of ARB used in the present 

study (detail degradation mechanism is given in corrigendum). Formulation of a detailed 

kinetic model that takes into account all intermediates of degradation mentioned above would 

be a formidable task. In view of this difficulty, we have adopted a simple yet physically 

realistic approach of fitting the decolorization profile to pseudo first order kinetic model. As 

revealed in the analysis of experimental results, the pseudo 1st order model fits well to the 

decolorization profile, as indicated by the regression coefficient of > 0.8. 

 

6.2.4 Synergy calculation 

 Synergies between the three techniques of persulfate activation (sonolysis, TM ions 

and UV-C) applied simultaneously were determined on the basis of the decolorization 

obtained with individual techniques. The following formula was used for the synergy 

calculation: 

 

 Decolorization in Hybrid Process Decolorization in Individual Process
Synergy effect = 

Decolorization in Individual Process



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A positive value of synergy would mean that individual mechanisms of the two or three 

techniques reinforce each other’s effect resulting in greater activation of persulfate anion that 

would result in higher sulfate radical generation leading to enhanced decolorization as 

compared to the sum total of decolorization obtained with the two individual techniques of 

persulfate activation. 

 

6.3 RESULTS AND DISCUSSION 

 The decolorization experiments were performed in three categories, viz. (1) individual 

techniques of sonolysis, UV-C and persulfate, (2) per sulfate oxidation induced by a single 

activation technique, and (3) persulfate oxidation induced by binary or ternary activation 

techniques. The experimental results and the time profiles of decolorization in these three 

experimental categories are given Table 6.1 and Fig. 6.1. It could be seen that decolorization 

profiles are rather non-uniform in time in that significant decolorization occurs within first 10 

min of treatment. The summary of results of decolorization experiments depicting total 

percentage decolorization achieved in 1 h of treatment, the decolorization achieved in the first 

10 min of treatment and the pseudo 1st order kinetic constant calculated on that basis. 

 The salient features of experimental results and the explanation for the same can be 

given as follows: 

(1) The individual techniques are not effective in decolorization of the dye, as seen for 

low percentage decolorization values for category 1 experiments. Among the three individual 

techniques, persulfate ( 2
2 8S O  ) induced oxidation gives the highest decolorization of ~ 13%. 

The decolorization due to UV-C could be due to radicals produced through direct photolysis 

of water or photo-tendering of dye pigments. 
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Table 6.1: Summary of decolorization of Acid Red B in different experimental categories 

employing either individual or combined techniques for persulfate activation 

 

Experimental protocols 
Percentage Decolorization of Acid Red B 

10 min 60 min k (s–1) R2 

Category 1: Individual decolorization techniques 

1A US 3.96 ± 1.73 9.82 ± 0.54 7.58E–05 0.88 

1B MS + UVC 3.27 ± 0.45 5.67 ± 0.41 4.95E–05 0.93 

1C MS + PS (without activator) 7.91 ± 0.17 12.63 ± 1.95 1.56E–04 0.86 

 

Category 2: Decolorization by persulfate oxidation activated by single technique 

2A US + PS 15.36 ± 3.14 33.69 ± 0.86 3.26E–04 0.82 

2B MS + PS + Fe2+ 69.09 ± 0.35 70.33 ± 0.60 4.50E–03 0.91 

2C MS + PS + UVC 82.45 ± 0.70 84.99 ± 0.66 5.38E–03 0.94 

 

Category 3: Decolorization by persulfate oxidation activated by binary or ternary 
techniques 
3A US + PS + Fe2+ 64.28 ± 305 66.54 ± 2.05 3.85E–03 0.90 

3B US + PS + UVC 91.68 ± 1.95 94.09 ± 0.25 8.77E–03 0.99 

3C MS + PS + Fe2+ + UVC 74.69 ± 1.15 79.96 ± 0.60 4.85E–03 0.83 

3D US + PS + Fe2+ + UVC 68.56 ± 3.20 81.20 ± 3.76 4.44E–03 0.90 

Notation: US – ultrasound (or sonolysis), MS – mechanical stirring, PS – persulfate 
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Figure 6.1: Time profiles of ARB dye decolorization in different experimental categories employing 

either single or combined techniques for persulfate activation. (A) Category 1 experiments: individual 

techniques of sonolysis, UVC (with mechanical stirring) and persulfate (without activator but with 

mechanical stirring). (B) Category 2 experiments: persulfate oxidation activated by individual 

techniques of sonolysis, Fe2+ ions (with mechanical stirring) and UV-C (with mechanical stirring), (C) 

Category 3 experiments: persulfate oxidation activated by binary (sonolysis + Fe2+, sonolysis + UV-C, 

and Fe2+ + UV-C) and ternary (sonolysis + Fe2+ + UV-C) techniques. 

 

(2) In category 2, the least decolorization is obtained for persulfate activated by sonolysis. 

This result is attributed to highly sporadic nature of transient cavitation events, both in space 

and time. Thus, the thermal activation of 2
2 8S O   in the interfacial region of the bubble is not 

uniform throughout the reaction volume. Moreover, the •OH radicals produced by transient 
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cavitation also scavenge the 4SO  radicals generated from persulfate activation. As a 

consequence, the activation of persulfate anions and the 4SO  radical generation in the 

reaction mixture is non-uniform, resulting in least decolorization. The Fe2+-activation of 

persulfate with mechanical stirring in category 2B gives much higher decolorization than 

sonolysis due to volumetrically uniform activation of 2
2 8S O   and generation of 4SO  radicals. 

Nonetheless, some scavenging of 4SO  radicals by Fe2+ is also feasible through reaction 

(Kusic et al., 2011): 2+ 3+ 2
4 4Fe  + SO Fe + SO  . The highest decolorization is obtained 

for the UV-C activation of persulfate with mechanical stirring, which indicates that this 

technique is most effective for persulfate oxidation of the dye. 

(3) Category 3 experiments, in which binary or ternary persulfate activation techniques 

were applied, reveal interesting trends in decolorization. The highest decolorization is 

obtained in category 3B for the binary activation technique of (US + PS + UVC). The ternary 

technique in category 3D (US + PS + UVC + Fe2+) gives 81.2% decolorization, while the 

other two binary techniques, viz. category 3A (US + PS + Fe2+) and category 3C (MS + PS + 

Fe2+ + UVC) give 66.5% and 79.96% decolorization, respectively. Quite interestingly, the 

decolorization in categories 3A, 3C and 3D is lesser than the category 2C, in which single 

activation technique of UV-C was applied. 

 An explanation for these results can be given as follows: The UV-C induced 

activation of persulfate is hindered or slowed down by Fe2+. This is due to scavenging of the 

4SO  radicals generated by UV-C activation by Fe2+ ions, which get oxidized to Fe3+. The 

UV-C activation of persulfate is expected to be very fast; and thus, the concentration of 4SO  

radicals in the reaction mixture increases very rapidly. This triggers the oxidation of Fe2+ in 

the reaction mixture, for the binary system of (Fe2+ + UVC) in category 3C, rather than 

activation of persulfate by Fe2+. This phenomenon reduces the utility of the 4SO  radicals for 
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decolorization of the dye. On the other hand, application of UV-C to the Fe2+ activated 

persulfate oxidation system increases the generation of 4SO  radicals due to faster and more 

efficient activation of 2
2 8S O   by UV-C. Relatively low decolorization in categories 3A and 

3D is also contributed by the scavenging of 4SO  radicals by •OH radicals generated by 

transient cavitation. 

 As a consequence of these mechanistic interactions among the three techniques of 

persulfate activation, the extent of decolorization in categories 3C and 3D is lesser as 

compared to category 2C, in which single activation of persulfate with UV-C has been 

applied. On the other hand, the extent of decolorization in categories 3C and 3D is higher 

than categories 3A and 2B (single activation with Fe2+). 

 These trends in decolorization of azo dye in the three experimental categories clearly 

point that UV-C based activation system is most efficient for effective for persulfate 

oxidation. The mechanistic interactions among the three techniques of persulfate activation 

also get reflected in the synergy values of binary and ternary activation systems in category 3, 

as well as in trends in reduction of total organic carbon (TOC) in the system, as discussed in 

the next sections. 

 

6.4 ANALYSIS OF MINERALIZATION (TOC REMOVAL) 

The results of total organic carbon (TOC) removal in different experimental 

categories are depicted in Fig. 6.2. Comparing the values of TOC removal with those of 

percentage decolorization, it could be perceived that the rate of mineralization is not as fast as 

that of decolorization. In all categories, the TOC removal values are almost 20-30% smaller 

than those for decolorization. Typical trends in TOC with different experimental techniques 

and explanations for the same are follows: 

(1) All individual techniques of sonolysis, UV-C and persulfate are not efficient in TOC 
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removal, as evident from results of category 1 experiments. This result is attributed to very 

small extent of radical production by these techniques. 

(2) In category 2, in which single activation technique of persulfate is applied, the trend 

in TOC removal is UV-C > Fe2+ > sonolysis. The least TOC removal for ultrasound is 

attributed to highly sporadic nature of transient cavitation events, in both space and time. This 

results in non-uniform activation of persulfate anions and radical production in reaction 

volume. Moreover, the •OH radicals produced from transient cavitation can scavenge sulfate 

radicals ( 4SO ), and adversely affect their utility for TOC removal. The TOC removal with 

Fe2+ activation is limited by the reversible nature of Fe2+ activation. As the concentration of 

4SO  radicals builds up in reaction volume, oxidation of Fe2+ to Fe3+ may occur with 

scavenging of some 4SO  radicals. UV-C activation, with the fast kinetics and irreversible 

nature, results in the highest radical production; and hence, TOC removal. 

(3) For binary and ternary persulfate activation system applied in category 3, the TOC 

removal can be compared against the TOC obtained with individual techniques.  

(i) For category 3A (US + PS + Fe2+), the TOC removal (35.24%) is less than the sum 

total for categories 2A & 2B (19.05 + 31.98 = 51.03%). This essentially means that the extent 

of radical production in category 3A is reduced, when the two activation techniques are 

applied together. This result is attributed to scavenging of the 4SO  radicals (produced 

through transient cavitation) by Fe2+. 

(ii) For category 3B (US + PS + UVC), the TOC removal (66.35%) is almost equal to the 

TOC removal in categories 2A (19.05%) and 2C (46.01%). This essentially means that the 

techniques of sonolysis and UV-C for persulfate activation act almost independently without 

influencing each other. 

(iii) For category 3C (MS + PS + Fe2+ + UVC), the TOC removal is lesser than for 2B and 
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2C. This effect is again attributed to scavenging of 4SO  radicals (generated by UV-C) by 

Fe2+, which reduces their utility towards dye degradation. 

(iv) For category 3D, in which the ternary system of (US + Fe2+ + UVC) was applied for 

persulfate activation, the TOC removal of 59.18% is much smaller than the total TOC 

removal of 97.04% for the three activation techniques applied individually. We attribute this 

effect to scavenging of these sulfate radicals ( 4SO ) by Fe2+. Nonetheless, comparison the 

TOC removal for category 3D with 3C, gives indication of the beneficial effect of ultrasound, 

when replace with mechanical stirring. An augmentation of ~ 36% is seen in category 3D as 

against category 3C. This effect is attributed to additional radical production by ultrasound 

through transient cavitation. Strong micro-mixing provided by ultrasound also assists 

effective utilization of UV-C radiations in the system. Similar explanation can also be given 

for augmentation of ~ 49% in TOC removal in category 3B as compared to category 2C. 

 

 

Figure 6.2: Removal of TOC (or extent of complete mineralization) of the ARB dye solution under 

various operating conditions assisted with mechanical stirring and ultrasound. US – ultrasound, MS – 

mechanical stirring, 1A: US alone (or sonolysis), 1B: (MS + UVC), 1C: (MS + PS), 2A: (US + PS), 

2B: (MS + PS + Fe2+), 2C: (MS +PS + UVC), 3A: (US + PS + Fe2+), 3B: (US + PS + UVC), 3C: (MS 

+ PS + Fe2+ + UVC), 3D: (US + PS + Fe2+ + UVC) 
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6.5 MECHANISTIC SYNERGIES IN BINARY/ TERNARY ACTIVATION 

TECHNIQUES 

 The synergies between different activation techniques for category 3 experiments are 

shown in Fig. 6.3. The synergy is found to be negative in all 4 subcategories. In categories 

3A, C & D; in which Fe2+ activation is applied concurrently with either sonolysis or UV-C or 

both, the synergy values are rather close (± 5%). The synergy value for category 3B, in which 

binary activation of sonolysis and UV-C is applied, is significantly smaller, i.e. -0.76%. An 

explanation for these results can be given as follows: 

 As the results of decolorization experiments imply, the relative kinetics of persulfate 

activation by individual techniques is in the order: UV-C > Fe2+ > sonolysis. The technique of 

UV-C is irreversible in that it does not scavenge the 4SO  radicals once generated. However, 

the Fe2+ activation technique is reversible. Essentially, in presence of high concentration of 

4SO  radicals (generated through activation techniques of either UV-C or US or both), Fe2+ 

itself undergoes oxidation to Fe3+. This results in scavenging of radicals, and thereby, 

negative synergy. 

 The synergy effect for binary activation techniques of (US + UVC + PS) is also 

negative, however, the synergy value (-0.76%) is much smaller than other categories. This is 

attributed to scavenging of 4SO  radicals by •OH radicals generated from transient cavitation 

bubble through following reaction (Kusic et al. 2011): 

   4 4 2

1
OH + SO  HSO  + O

2
       (6.10) 

Nonetheless, the extent of •OH radical production through cavitation bubble is rather small 

(as indicated by small value of decolorization in category 1A), and hence, the scavenging 

effect, and the negative synergy induced thereby is trivial. The schematic showing the 

mechanistic synergies between the three activation techniques as described above is given in 
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Fig. 6.4. 

 

 

 

Figure 6.3: Synergy effect in experimental categories with binary or ternary activation of persulfate 

for decolorization of azo dye. 

 

 

 

 

Figure 6.4: Mechanistic synergies in ultrasound-assisted persulfate based decolorization of ARB dye 
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6.6 CONCLUSION 

 In the present study, an attempt is made to identify the physical mechanism of 

persulfate-based decolorization of azo dyes using different activators for generation of sulfate 

radicals. Three techniques, viz. transition metal ion (Fe2+ ions), sonolysis and UV-C light, 

have been applied, either individually or in binary or ternary combinations, for activation of 

persulfate ions. Analysis of trends in decolorization with single/ binary/ ternary activation 

techniques shed important light on mechanistic interactions between the activation 

techniques. UV-C is revealed to be the most efficient technique for activation. Among the 

other two techniques, viz. sonolysis and Fe2+ ions, the former is found to have almost 

independent mechanism (thermal decomposition of persulfate in bubble-bulk interfacial 

region) than UV-C. Thus, decolorization as well as mineralization obtained with 

simultaneous application of sonolysis and UV-C is almost addition of individual effects. Fe2+ 

ions have been revealed to have adverse impact on the UV-C based activation, due to 

scavenging of 4SO  radicals. Among all techniques (single/binary/ternary) attempted for 

activation of persulfate and decolorization, the binary technique of (US + PS + UVC) is 

found to yield maximum decolorization as well as mineralization. The results of this study 

could form useful guidelines for optimization of the persulfate-based oxidation of textile 

dyes. Moreover, the methodology presented in this study can form general framework, which 

could be extended for mechanistic investigation in persulfate-based oxidation of any other 

recalcitrant pollutant. 
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CHAPTER 7 

 

INVESTIGATIONS IN SONO–ENZYMATIC 
DEGRADATION OF IBUPROFEN 

 

 

 

 

7.1 INTRODUCTION 

 The hybrid AOPs of sono-Fenton, sono-photo-Fenton, sono-Ferrioxalate, sono-

photolysis or sono-persulfate described in previous chapters are radical based processes. The 

radicals are essentially non-specific and non-selective oxidant species. An  alternate sono–

hybrid technique for degradation of bio–recalcitrant organic pollutants is sono–enzymatic 

treatment (Entezari and Petrier, 2003; Sangave and Pandit, 2006; Sun et al., 2011), in which 

sonolysis is combined with enzymatic treatment. This technique has especially been applied 

for degradation/ decolorization of dyestuffs in wastewater from textile industries. Peroxidase 

enzymes (such as lignin peroxidase, manganese peroxidase, laccase and horseradish 

peroxidase) that utilize H2O2 as electron acceptor have been used in sono–enzymatic 

technique. In this chapter, we have presented studies in mechanistic investigation of this 

process using a drug appearing in wastewater of pharmaceutical industry as model pollutant. 

 Wastewater discharge from pharmaceutical industries is of special concern, due to 

presence of numerous drugs in it, which are potentially harmful to ecosystem. A common 

drug that appears in wastewater discharge from pharmaceutical industries is ibuprofen (IBP) 

or 2–(4–isobutyl phenyl) propanoic acid (C13H18O2). This is a non–steroidal, anti–
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inflammatory, antipyretic drug, which is widely used for treatment of inflammatory disorders. 

This drug has several adverse impacts on the ecosystem (Richardson and Bowron, 1985; 

Ternes et al., 2004; Matamoros et al., 2005). Advanced oxidation techniques (AOTs) such as 

Fenton, photo–Fenton, photocatalysis, ozonation are required for complete mineralization of 

pharmaceutical wastewater containing IBP (Méndez–Arriaga et al., 2010; Sabri et al., 2012; 

Esplugas et al., 2007; Choina et al., 2013). More recently, sonolysis (Méndez–Arriaga et al., 

2008) and sono–hybrid techniques, in which sonication is coupled with AOTs like 

photocatalysis and Fenton process (Vinu and Madras, 2009; Madhavan et al., 2010; Chakma 

et al., 2013; Chakma and Moholkar, 2015; Bagal and Gogate, 2014; Michael et al., 2014), 

have been employed for degradation of IBP. Sonolysis (or ultrasound irradiation) alone is not 

effective in degradation as well as complete mineralization of organic pollutants. This is 

attributed to formation of hydrophilic intermediates during degradation. These intermediates 

form by hydroxylation/oxidation reactions induced by radicals formed during transient 

cavitation. Hence, sono–hybrid techniques have been applied for degradation/ mineralization 

of the IBP. 

 In this chapter, our mechanistic investigation is based on Arrhenius and 

thermodynamic analysis of the experimental data, as reported in one of our earlier study 

(Malani et al., 2014). Moreover, identification of the intermediates of degradation also gives 

an insight into the chemical mechanism of degradation. 

 

7.2 MATERIALS AND METHODS 

7.2.1 Materials 

 Ibuprofen, horseradish peroxidase (EC 1.11.1.7, 140 U/mg) enzyme and pyrogallol 

(C6H6O3) were procured from Sigma–Aldrich India Ltd. Mono–potassium phosphate 

(KH2PO4), di–potassium phosphate (K2HPO4) and hydrogen peroxide (H2O2, 30% v/v) were 
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procured from Merck India Ltd. All solutions were prepared in ultrapure Milli–Q water 

(resistivity ≥18 MΩ·cm at 298 K). 

 

7.2.2 Activity and Bradford Assay for HRP enzyme 

 Activity of HRP enzyme was determined as per standard protocol (Sigma–Aldrich, 

EC 1.11.1.7) (Enzymatic assay of peroxidase, EC 1.11.1.7) with pyrogallol as substrate. The 

following reaction determines the activity of HRP enzyme: 

HRP
2 2 2Pyrogallol (donor) + H O 2H O + Purpurogallin (oxidized donor)  

The assay composition was as follows: ultrapure water 2.1 mL, phosphate buffer (pH 7, 100 

mM) 0.32 mL, hydrogen peroxide solution (diluted to 60:1) 0.16 mL, pyrogallol solution 0.32 

mL, enzyme (HRP) 0.1 mL. After mixing of above solutions, the final concentrations in 3 mL 

mixture were: 14 mM of phosphate buffer, 0.027% (w/w) H2O2, 0.5% (w/v) pyrogallol. 

These concentrations were maintained same in all experiments of IBP degradation. The 

absorbance of purpurogallin was recorded every 20s at 420 nm using UV–Vis 

spectrophotometer (ThermoFischer, Model: UV–2300). The activity of the enzyme was 

calculated using the following formula: 

 420 t f

S

ΔA /20 s ×V ×D
Unit/mL Enzyme = 

× 
 

Notation: Vt – total volume of reaction mixture (3 mL), Df – dilution factor,   – extinction 

coefficient (12 for purpurogallin at 420 nm), vs– volume of sample (0.1 mL). 

 The protein content of the HRP enzyme was also determined by Bradford assay. 

Bovine serum albumin (BSA) was used as the standard protein. 3 ml of Bradford reagent and 

0.1 ml HRP enzyme were mixed to form Bradford assay mixture. The mixture was kept in 

incubation for 15 min and the absorbance in mixture was measured at 595 nm. With this 

procedure, the protein content of HRP was determined as 0.0228 mg/mL. 
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7.2.3 Experimental setup and procedure 

 Purely enzymatic reactions were carried out under well stirred conditions using 

mechanical stirring with a small magnetic bar (length = 1 cm, diameter = 0.5 cm) at 150 rpm. 

A schematic of the experimental setup is given in Fig. 7.1. Experiments were carried out in a 

custom built (20 mL) test tube made of borosilicate glass. The experiments with sonication 

were conducted in an ultrasound bath (Elmasonic, Germany, Model: P−30H). The ultrasound 

bath could operate at two frequencies, viz. 37 kHz (130 W) and 80 kHz (100 W). 

Approximately 2/3rd volume of the bath was filled with water that acted as medium for 

transmission of ultrasound waves. The test tube with reaction mixture was placed exactly at 

the center of the ultrasound bath and it was immersed to approx. 75% of its height. This 

ensured that entire reaction mixture in the test tube was exposed to ultrasound waves. The 

position of test tube in the bath was maintained carefully same in all experiments to avoid the 

artifacts in experimental results due to spatial variation of acoustic intensity (Moholkar et al., 

2000; Gogate et al., 2002). The actual power input to the ultrasound bath and to the reaction 

mixture inside the test tube was determined using calorimetric technique (Bhasarkar et al., 

2013; Chakma and Moholkar, 2014). On this basis, the pressure amplitudes of ultrasound 

waves in the bath for frequencies of 80 and 37 kHz were calculated as 170 kPa and 200 kPa, 

respectively. Moreover, the pressure amplitudes of ultrasound waves in the bath and the 

reaction mixture inside the reaction tube was found to be same, which indicated negligible 

attenuation of ultrasound waves through the wall of reaction test tube. Due viscous 

dissipation of energy of ultrasound waves during propagation, the temperature of the water in 

the bath rises. This rise was controlled by circulation of water from a temperature controlled 

cooling water circulating bath (Amkette Analytics, Model: WB2000). The temperature of the 

reaction mixture in the test tube was same as that of the water in the bath. 
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Figure 7.1: Schematic diagram for sono-enzymatic experiment. (1) Reaction solution, (2) ultrasound 

bath, (3) transducers, (4) timer, (5) temperature controller, (6) cooling water bath, (7) nitrogen gas 

cylinder, and (8) burette stand 

 

 The IBP degradation experiments were conducted in four categories, viz. (1) 

enzymatic treatment with mechanical stirring, (2) sonolysis, (3) sono-enzymatic treatment at 

atmospheric static pressure, and (4) sono-enzymatic treatment at elevated static pressure of 

200 kPa. In categories 2, 3 and 4 involving sonolysis, experiments were conducted at two 

frequencies (either 37 or 80 kHz). In category 4 experiments, the test tube containing reaction 

mixture was connected to a nitrogen cylinder through a side nozzle. The mouth of the test 

tube was sealed with threaded cap as shown in Fig. 7.1. During withdrawal of aliquots of 

reaction mixture, the pressure in reaction test tube was released. The static pressure was 

restored to original level, as the sonication was resumed. The rationale underlying the 

technique of elevating static pressure of reaction mixture will be explained subsequently. The 

actual pressure amplitude of ultrasound waves reaching the reaction mixture is a strong 

function of wall thickness of the test tube holding reaction mixture. In order to keep this 

important parameter constant, same test tube has been used in all experiments. 
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 The total reaction volume in a typical experiment was 15 mL. In this volume, 

concentrations of different components were as follows: IBP = 10 ppm (or 4.76 × 10−2 mM), 

H2O2 = 8.55 mM, HRP = 0.08 U/mL, phosphate buffer (pH 7) = 14 mM. The pH of the 

reaction mixture was maintained at 7 in all experiments. This pH was optimum for the 

highest activity of enzyme (results are shown in Fig. 7.2). To monitor the time profile of IBP 

degradation, aliquots of reaction mixture (200 L) were withdrawn at regular intervals and 

were analyzed for the residual IBP. After completion of the treatment, aliquotes of reaction 

mixture were analyzed for identification of intermediates of IBP degradation. 

 

 

Figure 7.2: Time scan for enzyme activity at different pH 

 

7.2.4 Analytical methods 

 The concentration of IBP in the aliquot of the reaction mixture was analyzed using 

High Performance Liquid Chromatography (Shimadzu, Model: SPD–20A) equipped with C–

18 reverse phase column (250 mm × 4.6 mm, 5 µm) and UV detector at 220 nm. The mobile 

phase was a mixture of acetonitrile and aqueous acetic acid 0.1% (60/40, v/v) with an 

isocratic flow of 1.5 mL/min. In order to determine the mineralization, the total organic 

carbon (TOC) in the IBP reaction solution was measured with Aurora TOC analyzer (O–I–
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Analytical, Model: 1030). The intermediates formed during sono–enzymatic degradation of 

IBP were identified using GC–MS (Varian 240–GC) after liquid–liquid extraction with 

dichloromethane. 1 µL of extracted sample was injected with a split ratio of 10:1. Helium gas 

was used as a carrier and the mass detector worked in scan mode with m/z range of 50 – 600. 

The GC–MS spectrums are given in Annexure-I (Figs. 7.S1 – 7.S5). 

 

7.2.5 Experimental data analysis 

 The kinetic constants of IBP degradation were determined by fitting pseudo 1st order 

model to the kinetic data of IBP degradation. Using these kinetic constants, activation energy 

for IBP degradation was calculated applying Arrhenius equation: exp( / )ak A E RT  . 

Various notations are as follows: k – kinetic constant, A – frequency factor or pre–

exponential factor, Ea – activation energy for the reaction, R – universal gas constant, T – 

temperature. The thermodynamic parameters for IBP degradation were determined using 

Eyring equation as follows (Malani et al., 2014): 

1
ln ln bkk H S

T R T h R

               
      

 

aH E R T     

G H T S      

Notations: kb – Boltzmann constant (1.381 × 10–23 J K–1), h – Planck’s constant (6.626 × 10–34 

J·s). The values of k and Ea obtained from Arrhenius analysis can be substituted in above set 

of equations to yield thermodynamic parameters, viz. ∆H (enthalpy change), ∆S (entropy 

change) and ∆G (Gibbs free energy change), associated with IBP degradation. Finally, the 

synergy effect in hybrid sono–enzymatic processes was determined as follows: 
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IBP Degradation in IBP Degradation in IBP Degradation

sono-enzymatic treatment enzymatic treatment in sonolysis
Synergy effect

IBP Degradation in IBP Degra

enzymatic treatment

      
       

      
 

 
 

dation

in sonolysis

 
 
 

 

 

7.3 RESULTS AND DISCUSSION 

7.3.1 Results of sono-enzymatic degradation 

 The results of IBP degradation are given in Tables 7.1 – 7. 4 and Figs. 7.3 – 7.6. Table 

7.1 gives the summary of IBP degradation in different experimental protocols employing 

either individual or hybrid technique. The time profiles of IBP degradation are depicted in 

Figs. 7.3 & 7.4. The following features of IBP degradation can be identified from the results 

shown in Table 7.1 and Figs. 7.3 & 7.4. 

(1) Among individual processes of sonolysis and enzymatic treatment, the latter gives 

faster as well as higher IBP degradation. 

(2) Hybrid sono–enzymatic treatment gives higher degradation than either sonolysis or 

enzymatic treatment alone, indicating positive synergy. Among the three temperatures used 

for degradation, 308 K gives the highest degradation. The synergy is more pronounced at 

lower frequency of 37 kHz. 

(3) Elevated static pressure on reaction mixture, which eliminates the transient cavitation 

(Chakma and Moholkar, 2013a; 2013b), reduces IBP degradation. This effect is consistent for 

both ultrasound frequencies and all three temperatures. 

These trends in IBP degradation can be explained as follows: 

(1) The extent of IBP degradation depends on the interaction between the enzyme and 

IBP molecules in case of enzymatic treatment. On the other hand, in sonolysis, the 

degradation is a function of interaction between radicals generated by transient cavitation and 

IBP molecules. In a well stirred reaction mixture, the enzyme concentration is uniform 
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throughout the volume. However, occurrence of transient cavitation events in the reaction 

volume is completely random. The radicals generated inside the transient cavitation bubble 

(due to thermal dissociation of vapor entrapped in the bubble) are released at the site of 

transient bubble collapse. Due to extreme instability, these radicals do not diffuse into the 

medium from the site of bubble collapse. Hence, IBP molecules present in close vicinity of 

the site of bubble collapse (or the interfacial region of the bubble) are likely to intercept these 

radicals. This feature puts limitation on the interaction probability of radicals and IBP 

molecules. As a consequence, the extent of IBP degradation through sonolysis route is low. 

(2) Lesser IBP degradation at elevated static pressure is a consequence of elimination of 

transient cavitation. Due to this, production of hydroxyl radicals (•OH) in the reaction mixture 

is also eliminated. In sono–enzymatic treatment, the degradation of IBP is likely to 

commence with hydroxylation induced by •OH radicals to give hydrophilic intermediates 

(greater details on this are given in GC–MS analysis section) (Méndez–Arriaga et al., 2008). 

These intermediates are subsequently degraded by enzyme through oxidation and 

decarboxylation. At elevated static pressure, this pathway of degradation is adversely affected 

because of elimination of •OH radical production. 

(3) At higher frequency of ultrasound (80 kHz), IBP degradation was reduced. A similar 

result is also reported by Chiha et al. (2011) for degradation of 4–cumylphenol. Possible 

causes underlying this effect are as follows: (a) lower pressure amplitude of ultrasound 

waves, and (b) higher transient cavitation threshold (i.e. minimum acoustic pressure 

amplitude required for occurrence of transient cavitation). This is further explained as 

follows: 
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Table 7.1: Summary of experimental results on IBP degradation in different experimental protocols 

Temperature 288 K 298 K 308 K 

Experimental Protocols η% k (s–1) R2 η% k (s–1) R2 η% k (s–1) R2 

1. Enzyme treatment 29.28 ± 1.59 1.06 ×10–4 0.97 31.02 ± 0.59 1.65 × 10–4 0.85 33.96 ± 1.20 1.85 × 10–4 0.75 

 frequency = 37 kHz 

2. Sonolysis 19.96 ± 1.92 6.57× 10–5 0.95 16.46 ± 0.06 6.04 × 10–5 0.77 13.11 ± 0.61 4.03 × 10–5 0.96 

3. Sono–enzymatic treatment 

Po = 101.3 kPa 
59.34 ± 1.88 2.78 × 10–4 0.90 61.93 ± 0.85 3.10 × 10–4 0.89 71.54 ± 0.71 3.61 × 10–4 0.96 

4. Sono–enzymatic treatment 

Po = 200 kPa 
44.80 ± 1.44 1.82 × 10–4 0.90 50.18 ± 2.78 2.27 × 10–4 0.85 48.02 ± 1.59 2.4 × 10–4 0.85 

 frequency = 80 kHz 

5. Sonolysis 7.53 ± 0.22 2.27 × 10–5 0.97 8.21 ± 0.18 2.44 × 10–5 0.97 8.44 ± 0.40 2.50 × 10–5 0.95 

6. Sono–enzymatic treatment 

Po = 101.3 kPa 
34.12 ± 1.95 2.37 × 10–4 0.82 34.72 ± 1.57 2.57 × 10–4 0.82 40.44 ± 0.87 3.19 × 10–4 0.82 

7. Sono–enzymatic treatment 

Po = 200 kPa 
31.30 ± 0.34 1.69 × 10–4 0.93 30.48 ± 0.28 2.40 × 10–4 0.79 33.07 ± 0.83 2.52 × 10–4 0.82 

Note: η – percentage degradation of IBP, k – pseudo 1st order kinetic constant (s–1), R2 – regression coefficient 
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Table 7.2: Arrhenius parameters for different protocols of IBP degradation 

Experimental Protocols 
Activation energy 

Ea (kJ mol–1) 

Frequency factor 

A (mol L–1 s–1) 

1. Enzyme treatment 20.71 0.64 

 Frequency = 37 kHz 

2. Sonolysis –17.91 3.94 × 10–8 

3. Sono–enzymatic treatment, Po = 101.3 kPa 9.63 1.54× 10–2 

4. Sono–enzymatic treatment, Po = 200 kPa 10.26 1.36× 10–2 

 Frequency = 80 kHz 

5. Sonolysis 3.44 9.63 × 10–5 

6. Sono–enzymatic treatment, Po = 101.3 kPa 10.89 2.19 × 10–2 

7. Sono–enzymatic treatment, Po = 200 kPa 14.95 9.13 × 10–2 

 

 Increase in transient cavitation threshold with ultrasound frequency is essentially a 

consequence of reduction in duration of the rarefaction half cycle of ultrasound wave. As a 

consequence, expansion of the bubble during radial motion (at a given acoustic pressure 

amplitude) is also reduced. For the present case, acoustic pressure amplitudes generated at 80 

and 37 kHz frequencies are 170 and 200 kPa, respectively. Ahmadi et al. (2012) have 

reported the following correlation for the estimation of transient cavitation threshold (Pt in 

MPa) as a function of frequency (f in MHz) for water as the medium: 0.60.1 0.216tP f  . 

According to this correlation, transient cavitation thresholds for the two frequencies are: 130 

kPa (for 37 kHz) and 147 kPa (for 80 kHz). The intensity of transient cavitation is 

proportional to the expansion of the bubble during rarefaction cycle (Flynn, 1975). This 

expansion, in turn, depends on the difference between pressure amplitude of ultrasound wave 

driving radial bubble motion and the static pressure in the medium. This difference, and 

hence, the intensity of transient cavitation is lower for higher frequency. Thus, the extent of 

IBP degradation obtained at 80 kHz is lesser than the degradation at 37 kHz. 
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Table 7.3: Thermodynamic parameters for different protocols of IBP degradation 

Experimental Protocols 
ΔH (kJ mol–1) ΔS (kJ mol–1 K–1) ΔG (kJ mol–1) 

288 K 298 K 308 K 288 K 298 K 308 K 288 K 298 K 308 K 
1. Enzyme treatment 18.32 18.23 18.15 –0.26 –0.26 –0.26 92.37 94.56 97.53 

 frequency = 37 kHz 

2. Sonolysis –20.3 –20.39 –20.47 –0.39 –0.39 –0.4 93.51 97.05 101.43 

3. Sono–enzymatic treatment 
Po = 101.3 kPa 

7.23 7.15 7.07 –0.29 –0.29 –0.29 90.06 93. 95.81 

4. Sono–enzymatic treatment 
Po = 200 kPa 

7.87 7.78 7.69 –0.29 –0.29 –0.29 91.07 93.77 96.86 

 frequency = 80 kHz 

5. Sonolysis 1.04 0.96 0.88 –0.33 –0.33 –0.33 96.05 99.3 102.66 

6. Sono–enzymatic treatment 
Po = 101.3 kPa 

8.5 8.41 0.83 –0.28 –0.29 –0.29 90.44 93.46 96.13 

7. Sono–enzymatic treatment 
Po = 200 kPa 

12.55 12.47 12.39 –0.27 –0.27 –0.27 91.25 93.63 96.73 

Note: As per the norms of chemical thermodynamics, the relative values of H and S indicate the following: (1) positive S and negative H  
spontaneous reaction; (2) positive S and positive H  spontaneous reaction at high temperature; (3) negative S and negative H  spontaneous reaction 
at low temperature; (4) negative S and positive H  non–spontaneous reaction at any temperature but spontaneous reversible reaction, if applicable. 
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(A) 

(B) 

 

(C) 

 

Figure 7.3: Time profiles of IBP degradation in different individual processes. (A) 

Enzymatic treatment at 150 rpm, (B) sonolysis (37 kHz), and (C) sonolysis (80 kHz) 
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(A) (C) 

 

(B) (D) 

 

Figure 7.4: Time profiles of IBP degradation in different sono–enzymatic processes: (A) 

frequency = 37 kHz, static pressure = 101.3 kPa; (B) frequency = 37 kHz, static pressure = 

200 kPa; (C) frequency = 80 kHz, static pressure = 101.3 kPa; and (D) frequency = 80 kHz, 

static pressure = 200 kPa 
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(I) (II) 

 

Figure 7.5: TOC removal in different individual and hybrid processes. (I) Individual 

processes, (II) sono–enzymatic process (under atmospheric, Po = 101.3 kPa) and elevated 

static pressure (Po = 200 kPa) 

 

 

 

 

Figure 7.6: Synergy effect in hybrid processes for degradation of IBP 
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7.3.2 Results of Arrhenius and thermodynamic analysis 

 The results of Arrhenius analysis of IBP degradation (i.e. the values of activation 

energy and frequency factor for different experimental protocols) are given in Table 2. The 

corresponding Arrhenius plots are given in Figs. 7.7 & 7.8. Peculiar trends in Arrhenius 

parameters that could be identified from data presented in Table 7.2 are: 

(1) The individual processes of sonolysis and enzymatic treatments show highly 

contrasting values of activation energy (Ea) and frequency factor (A). Sonolysis is 

characterized by negative activation energy that indicates spontaneous reaction. However, the 

frequency factor for sonolysis is extremely small (3.9 × 10–8 mol L–1 s–1), which indicates 

very small number of fruitful collisions (per unit volume) between IBP molecules and •OH 

radicals generated by transient cavitation bubble. On the other hand, positive activation 

energy for enzymatic treatment is an indication of requirement of external energy input for 

inducing the reaction. Nonetheless, a higher frequency factor for enzymatic treatment 

indicates large number of fruitful collisions per unit volume between enzyme and IBP 

molecules. 

 The values of Arrhenius parameters for sonolysis are essentially an indication of 

extreme intrinsic reactivity as well as instability of the •OH radicals generated through 

transient cavitation that leads to volumetrically non–uniform reaction. On the contrary, 

Arrhenius parameters for enzyme treatment are indication of relatively lower intrinsic 

reactivity yet more volumetrically uniform reaction. 

(2) Arrhenius parameters for hybrid sono–enzymatic treatments show characteristics of 

both sonolysis and enzymatic treatments, as noted earlier. The activation energy is positive, 

yet smaller than that for enzymatic treatment alone. The frequency factor is an order of 

magnitude higher than that for sonolysis, yet smaller than that for enzymatic treatment alone. 

These values of parameters essentially indicate contribution of individual mechanisms of 
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sonolysis as well as enzymatic treatment to the IBP degradation in hybrid technique. 

However, values of Arrhenius parameters for hybrid process show greater proximity with the 

values for enzymatic treatment. This essentially indicates greater contribution of the 

enzymatic mechanism (or pathway) to the overall IBP degradation. 
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(B) Sonolysis with f = 37 kHz 
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(C) Sonolysis with f = 80 kHz 

 

Figure 7.7: Arrhenius plot ln(k) vs. (1/T) for (A) enzymatic reaction, (B) sonochemical 

reaction at 37 kHz and (C) sonochemical reaction at 80 kHz 
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(B) f = 37 kHz, Po = 200 kPa 
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(C) f = 80 kHz, Po = 101.3 kPa 
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(D) f = 80 kHz, Po = 200 kPa 

 

Figure 7.8: Arrhenius plot ln(k) vs. (1/T) for sono–enzymatic reaction at atmospheric and 

elevated static pressure with ultrasonic frequencies of 37 kHz and 80 kHz. 
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(3) As noted earlier, elevated static pressure eliminates transient cavitation in the 

medium. Thus, the contribution of enzymatic pathway to overall IBP degradation is greater at 

elevated static pressure. This is indicated by increase in the values of both activation energy 

and frequency factor at elevated static pressure for the hybrid sono–enzymatic treatment. 

 Trends in thermodynamic parameters for different techniques for IBP degradation 

also provide mechanistic insight into the process as follows: 

(i) Negative ΔH value for sonolysis at 37 kHz indicates spontaneous reaction induced by 

radicals, while positive ΔH value for enzymatic treatment indicates molecular reaction that 

require external energy input. 

 Positive ΔH value for sono–enzymatic process at 37 kHz is an indication of greater 

contribution of enzymatic pathway to overall IBP degradation. ΔH value increases for all 

reaction temperatures (viz. 288, 298 and 308 K) at elevated static pressure of the medium. 

This is a consequence of elimination of •OH radical induced IBP degradation at elevated 

static pressure, which results in greater contribution to IBP degradation through enzymatic 

route.  

 ΔH value for sonolysis at 80 kHz is positive; which indicates reduced spontaneity of 

degradation reactions. We attribute this result to reduction in cavitation intensity and •OH 

radical production at higher frequency, as explained earlier. Moreover, for sono–enzymatic 

treatment at 80 kHz (for both atmospheric and elevated static pressure), ΔH values are higher 

than the corresponding values for 37 kHz. This result is again attributed to reduction in 

cavitation intensity in the medium at higher frequency. 

(ii) Entropy change (–ΔS) values for IBP degradation show following trend: sonolysis > 

sono–enzymatic treatment > enzymatic treatment. These trends are consistent for both 

frequencies and all three temperatures. More negative ΔS value for sonolysis is an indication 

of fragmentation or degradation of IBP molecules into smaller species. This is possible for 
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radical induced reactions in sonolysis. Degradation of IBP molecule also occurs in enzymatic 

treatment; however, the mechanism is quite different. In this case, the process is relatively 

slower and requires binding of active sites of the enzyme to IBP molecules. As noted earlier, 

the enzymatic reactions occur far more uniformly in the reaction volume. Hence, the overall 

degradation is higher as compared to sono–enzymatic treatment. However, the spontaneity of 

this degradation is much lesser than sonication, which is reflected in greater (–ΔS) values. 

The (–ΔS) values for sono–enzymatic treatments are intermediate between sonolysis and 

enzyme treatments, as these are essentially manifestation of both radical as well as enzyme 

induced reactions. 

(iii) ΔG values for all treatments (individual or hybrid) at 3 temperatures and 

elevated/atmospheric static pressures are similar. This result indicates that both sonolysis and 

enzyme treatments synergize (and compliment) each other’s effect. This observation is 

concurrent with the results of Kadkhodaee and Povey (2008) for deactivation of α –amylase 

using sono–thermal treatment. 

 

7.3.3 IBP degradation intermediates and mineralization 

 The major problem with IBP degradation reported in literature is greater toxicity of 

the intermediates than IBP itself (Méndez–Arriaga et al., 2009). Hence, the TOC content of 

the reaction mixture has been analyzed after each treatment. Moreover, the by–products and 

intermediates of IBP degradation have also been identified by means of GC–MS analysis. 

The results of GC–MS analysis are given in Table 4 (for reaction mixture treated at 37 kHz, 

298 K, 101.3 kPa). 
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Table 7.4: Degradation products of ibuprofen (IBP) with sono–enzymatic process 

Mol. 
Wt. 

Structure Names References 

206 
O

HO

 

2–(4–Isobutylphenyl) propanoic acid 
or Ibuprofen 

– 

222 
O

HO

HO

 

2–[4–(1–hydroxyisobutyl) 
phenyl]propionic acid 

Madhavan et al. (2010); 
Caviglioli et al. (2002) 

238 

O

OHHO

OH  

2–[2–hydroxy–4–(1–hydroxy– 2–
methylpropyl) phenyl]propanoic acid 

Madhavan et al. (2010) 

194 
O

HO

O

OH

 

4–(1–Carboxyethyl) benzoic acid 
Madhavan et al. (2010); 
Caviglioli et al. (2002) 

178 
O

HO

 

4–Isobutylbenzoic acid Caviglioli et al. (2002) 

178 
HO

 

1–(4–Isobutylphenyl)–1–ethanol or 
1–(1–hydroxyethyl)–4–isobutyl–
benzene 

Szabó et al. (2011); 
Caviglioli et al. (2002) 

176 
O

 

4–(2–methylpropyl) acetophenone 
Sabri et al. (2012); 
Madhavan et al. (2010); 
Szabó et al. (2011) 

162 
 

1–ethyl–4–(2–methylpropyl)–benzene Szabó et al. (2011) 

150 

O

OH

 

Hydratropic acid Caviglioli et al. (2002) 

150 

OH

 
4–Isobutylphenol 

Caviglioli et al. (2002) 
[35] 

134 
O

 
4–ethylbenzaldehyde 

Madhavan et al. (2010); 
Caviglioli et al. (2002) 

122 OH

 
4–ethylphenol Madhavan et al. (2010) 

90 
O

OHO

HO

 
oxalic acid Sabri et al. (2012) 

 

The GC–MS spectra are provided in the Annexure-I (Figs. 7.S1–7.S5). The degradation 

products mainly comprise substituted phenols and aromatic carboxylic acids. Hydroxylation 

induced by •OH radicals on propanoic acid and isobutyl substituents of the IBP structure 

results in formation of 4(1–carboxyethyl) benzoic acid, 4–isobutyl benzoic acid, 4–(2–
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methylpropyl) acetophenone, 4–isobutyl phenol, 4–ethylphenol, hydratropic acid. The 

intermediates and by–products observed in the present study were matched with those 

reported in literature. Formation of 2–[4–(1–hydroxyisobutyl) phenyl] propionic acid (m/z 

222) and 2–[2–hydroxy–4–(1–hydroxy–2–methylpropyl) phenyl] propanoic acid (m/z 238) 

has been reported by Madhavan et al. (2010). The intermediate 4–ethylbenzaldehyde has also 

been reported by Méndez–Arriaga et al. (2008) during photo–catalytic degradation of IBP in 

presence of TiO2. Méndez–Arriaga et al. (2008) have proposed that hydroxylation is the first 

step of degradation, which is followed by demethylation and decarboxylation leading to 

formation of other products with smaller m/z values. Szabó et al. (2011) have also reported 

formation of 4–(2–methylpropyl) acetophenone (m/z 176) and 1–(1–hydroxyethyl)–4–

isobutyl–benzene (m/z 178). Caviglioli et al. (2002) have reported degradation of IBP 

through oxidative and thermal routes with identification of degradation products. As per the 

degradation pathway proposed by Caviglioli et al. (2002), hydroxylation, oxidation and 

decarboxylation are the principal chemical mechanisms for the degradation of IBP. Some 

degradation products with smaller m/z values identified in this study are: hydratropic acid 

(m/z 150), 4–ethylbenzaldehyde (m/z 134) and 4–isobutylphenol (m/z 150). 

 

7.3.4 Mineralization of IBP and synergy between the individual treatments 

 The results of total mineralization or TOC removal are shown in Fig. 7.5 and the 

effect of synergy in hybrid process is shown in Fig. 7.6. From the results, it has been found 

that in all protocols the percentage TOC removal was lesser than IBP degradation. 

Enzymatic treatment was more efficient in TOC removal than sonolysis for the reason of 

volumetrically more uniform reaction, as noted earlier. Another cause that contributes to this 

effect is the formation of hydrophilic intermediates during IBP degradation that are easily 

degraded further by enzymes through decarboxylation and oxidation. On the other hand, in 
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sonolysis alone, the degradation is mainly through hydroxylation reaction. The hydroxylated 

intermediate species, being hydrophilic, move away from the hydrophobic bubble interface. 

This drastically reduces the extent of further interception of the •OH radicals released by 

cavitation bubble collapse for additional degradation leading to complete mineralization and 

TOC removal.  

 In the hybrid sono–enzymatic treatment at atmospheric pressure, positive synergy 

between sonolysis and enzymatic treatment is seen at 37 kHz, as the total mineralization 

achieved is more than the additive effects of individual processes. This results is attributed to 

synergism in hydroxylation induced by sonolysis and further oxidation/decarboxylation 

induced by enzymes leading to complete mineralization of IBP. Peroxidase enzymes have a 

heme cofactor in their active sites or redox active cysteine. The binding site for the aromatic 

substrate oxidation is the exposed heme edge. Sonolysis of IBP leads to hydroxylation, and 

subsequent formation of carboxylated intermediates. The carboxylated intermediates are 

likely to have higher affinity for the active sites of HRP enzyme that leads to further 

decarboxylation leading to higher mineralization. Moreover, the strong micro–convection 

generated by ultrasound and cavitation also enhances the interaction between enzyme and 

IBP molecules.  

 On the other hand, the mineralization achieved with sono–enzymatic treatment at 

elevated static pressure is lesser than the sum of mineralization with individual treatments, 

indicating negative synergy. This is clearly attributed to elimination of transient cavitation, 

and hence, the hydroxylation induced by the •OH radicals generated by cavitation at elevated 

pressure. This also slows down the decarboxylation; and hence the further degradation by 

enzyme. For the higher frequency of 80 kHz, the cavitation intensity is already lesser for the 

reasons discussed earlier. This results in greater negative synergy between enzymatic 

treatment and sonolysis.  
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Finally, the GC–MS analysis indicates the formation of the small carboxylic acid (i.e. oxalic 

acid) that confirms mineralization. Oxalic acid formation has also been confirmed by 

Madhavan et al. (2010); and Skoumal et al. (2009) have reported oxalic acid to be the 

ultimate by–product of photoelectro – Fenton degradation of IBP. 

 

7.4 CONCLUSION 

 In the present study, a new hybrid technique of sono–enzymatic treatment for 

degradation of inflammatory drug ibuprofen has been explored. This technique has been 

found to be an effective tool for degradation as well as mineralization of the IBP. At low 

ultrasound frequency and atmospheric static pressure, sono-enzymatic treatment is revealed 

to be more effective than the individual techniques of sonolysis and enzyme treatment. GC–

MS analysis of the reaction reveals the intermediates of IBP degradation, which shed light on 

the chemical pathway of degradation. Arrhenius and thermodynamic analysis of the 

experimental data gives a physical insight into the mechanistic synergism between individual 

techniques of enzyme treatment and sonolysis. The positive synergy between sonolysis and 

enzyme treatment is a consequence of formation of hydrophilic intermediates due to 

hydroxylation induced by radicals generated by transient cavitation. These intermediates are 

rapidly degraded by the enzyme action through decarboxylation. The activation energy of 

sono–enzymatic treatment is lesser than enzyme treatment (due to spontaneity of reactions 

induced by radicals produced by transient cavitation), while the frequency factor of sono–

enzymatic treatment is greater than sonolysis (due to volumetrically uniform enzymatic 

reactions). 
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ANNEXURE – I 

 

 
 

Figure 7.S1: Mass spectrum for reference of 4-ethylphenol (m/z 122) and 2-[4-(1-hydroxyisobutyl) 

phenyl]propionic acid (m/z 222). Experimental conditions: frequency = 37 kHz, temperature = 25oC, 

IBP = 4.76 × 10−2 mM, H2O2 = 8.55 mM, HRP = 0.08 U/mL, pH = 7. 

 

 
 

Figure 7.S2: Mass spectrum for reference of 4-Isobutylphenol (m/z 150) and 4’-(2-methylpropyl) 

acetophenone (m/z 176). Experimental conditions: frequency = 37 kHz, temperature = 25oC, IBP = 

4.76 × 10−2 mM, H2O2 = 8.55 mM, HRP = 0.08 U/mL, pH = 7. 
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Figure 7.S3: Mass spectrum for reference of 1-ethyl-4-(2-methylpropyl)-benzene (m/z 162), 2-(4-

Isobutylphenyl)propanoic acid (m/z 206) and oxalic acid (m/z 90). Experimental conditions: 

frequency = 37 kHz, temperature = 25oC, IBP = 4.76 × 10−2 mM, H2O2 = 8.55 mM, HRP = 0.08 

U/mL, pH = 7. 

 

 

 

Figure 7.S4: Mass spectrum for reference of 1-(1-hydroxyethyl)-4-isobutyl-benzene (m/z 178) and 4-

ethylbenzaldehyde (m/z 134). Experimental conditions: frequency = 37 kHz, temperature = 25oC, IBP 

= 4.76 × 10−2 mM, H2O2 = 8.55 mM, HRP = 0.08 U/mL, pH = 7. 
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Figure 7.S5: Mass spectrum for reference of 4-(1-Carboxyethyl)benzoic acid (m/z 194) and 2-[2-

hydroxy-4-(1-hydroxy-2-methylpropyl)phenyl]propanoic acid (m/z 238). Experimental conditions: 

frequency = 37 kHz, temperature = 25oC, IBP = 4.76 × 10−2 mM, H2O2 = 8.55 mM, HRP = 0.08 

U/mL, pH = 7. 
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SONOCATALYSIS AND SONOPHOTOCATALYSIS 
 

 

 

 

8.1 INTRODUCTION 

 In previous chapters, we dealt with several advanced oxidation processes in which the 

reaction mixture was homogeneous. There is also class of advanced oxidation processes in 

which the reaction mixture has heterogeneous phase. The foremost AOP in this category is 

photocatalysis. The conventional semiconductor photocatalysts are transition metal oxides or 

semiconductors such as anatase–TiO2 and ZnO. These materials have a band gap between the 

valence band and conduction band. With absorption of a photon with energy equal to or 

greater than the band gap, an electron in the conduction band is promoted to valence band 

resulting in creation of a hole. Due to the electron-hole pair generation, oxidation-reduction 

reactions occur at the surface of the photocatalyst. In the present context of oxidative 

degradation of recalcitrant pollutants, reaction of the hole with the moisture present on the 

surface of catalyst gives rise to hydroxyl radical, which induces the degradation reactions. 

 Combination of sonolysis and photocatalysis, known as sono-photocatalysis has been 

widely investigated by numerous researchers. In Chapter 1, a review of literature in this area 

has been presented. A variant of sonophotocatalysis is sonocatalysis, in which sonication is 
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applied to reaction mixture in presence of a photocatalyst – but without an external source of 

UV light. Both sonocatalysis and sonophotocatalysis have been reported to give enhanced 

degradation of organic pollutants in comparison to sonication alone (Chen et al., 2003; 

Madhavan et al., 2010; Selli et al., 2008). During transient collapse, cavitation bubbles also 

emit light, known as sonoluminescence (Suslick, 1990; Hilgenfeldt et al., 1996). The 

sonoluminescence light has wide range of wavelength from UV to visible (Ashokkumar and 

Grieser, 2007). In sonocatalysis, the photon emission during sonoluminescence is expected to 

activate the photocatalyst for additional production of •OH radicals (Balaji et al., 2011). In a 

study reported by Balaji et al. (2011), a secondary role of photocatalyst in the sonocatalysis 

process in terms of adsorption of the dye molecules on the surface of photocatalyst has been 

identified. The adsorption of the dye enhances the probability of dye–radical interaction 

leading to higher degradation of the dye. For effective utilization of sonoluminescence light 

emission during transient cavitation, doped photocatalysts with higher absorption range and 

smaller band gaps are necessary. Despite significant research in degradation of recalcitrant 

pollutants by sonocatalysis or sonophotocatalysis, the exact mechanism of these hybrid AOPs 

remains relatively unexplored. The individual mechanisms of sonolysis and photocatalysis 

are different. What is the exact nature of interaction between these mechanisms (or in other 

words the mechanistic synergy) in the hybrid AOP is a crucial question. 

 In this chapter, we have addressed the issue of mechanistic investigation of 

sonocatalysis and sono-photocatalysis. This study has two components: (1) ultrasound–

assisted synthesis and characterization of a Fe3+ doped ZnO nanoparticles, and (2) 

discernment of physical mechanism of sonocatalysis and sonophotocatalysis with pure ZnO 

nanoparticles as well as Fe–doped ZnO nanoparticles. Decolorization process of two textile 

dyes, viz. azo dye Acid Red B (ARB) and non–azo dye Methylene Blue (MB) has been used 

as model reaction system. 
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8.2 EXPERIMENTAL 

 Prior to describing the experimental methods, we briefly outline the rationale of using 

doped photocatalyst. Conventional photocatalysts such as anatase–TiO2 and ZnO have large 

band gap energy, and hence, these are not much effective in visible light range. For effective 

utilization of the light energy for photocatalysis, it is essential that the absorption range of 

photocatalyst should be extended to visible range (i.e. longer wavelengths) by decreasing the 

band gap between conduction and valence band of the photocatalyst. For this purpose, doping 

of conventional photocatalysts with transition metal ions like Fe3+, Co2+ or Ni2+ etc., which 

increase the absorption of photons, is a well–known technique (Mills and Stephen, 1997; 

Carp et al., 2004; Fang et al., 2009; Samadi et al., 2012; Xu and Li, 2010; Dong et al., 2011; 

Ba-Abbad et al., 2013; Daghrir et al., 2013; Aydin et al., 2013). As the transition metal ions 

are incorporated into the TiO2 or ZnO lattice, impurity energy levels in the band gap of TiO2 

or ZnO are formed as follows (Ni et al., 2007): 

  n+ (n+1)+M  + M  + ecbhv    (cb – conduction band) (8.1) 

  n+ (n-1)+ +
vbM  +  M  + hhv    (vb – valence band)  (8.2) 

where, M and Mn+ represent the metal and metal ion dopant respectively. Further, electron–

hole transfer between metal ions and photocatalyst (TiO2 or ZnO) can alter electron–hole 

recombination as: 

  Electron trap : n+ (n-1)+M  + e  Mcb
      (8.3) 

  Hole trap : n+ + (n+1)+
vbM  + h  M     (8.4) 

The energy level of ( 1)n nM M    is less negative than that of the energy level of the 

conduction band (CB) of original photocatalyst, while the energy level of ( 1)n nM M    is 

less positive than that of the energy level of valence band (VB) of original photocatalyst. 
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8.2.1 Materials 

The following chemicals were used to study the activity of Fe3+ doped ZnO 

photocatalyst: ZnO, Ferric sulfate monohydrate, Sodium dodecylsulfate (SDS), Acid red B 

(ARB), and Methylene blue (MB). All the chemicals were purchased from Merck India and 

used as received without further any pretreatment. For all experiments, ultrapure water (18 

MΩ·cm resistivity at 25oC) from Milli–Q Synthesis unit (Millipore®, USA) was used as the 

aqueous medium. 

 

8.2.2 Synthesis of doped photocatalyst 

 Surface modified nano–sized Fe3+–doped ZnO was prepared using ultrasound assisted 

impregnation method (Madhavan et al., 2010). An ultrasonic probe with a frequency of 20 

kHz (Model: VCX–500, 500 W) was used for sonication of the medium. The diameter of the 

probe is 13 mm with total active surface area of 1.33 cm2. An aqueous solution (80 mL) of 

Fe2(SO4)3H2O was prepared in de–ionized water with concentration of 0.00375 mM of Fe3+. 

To this solution, 3 g of pre–calcined (at 400oC for 5 h) ZnO particles were added. This 

corresponds to a weight ratio of Fe2(SO4)3H2O/ZnO as 2% w/w. Another parameter used in 

the synthesis was addition of surfactant, sodium dodecylsulfate (SDS) to the reaction mixture. 

Synthesis was carried out with addition of surfactant as well as without it. Due to very low 

concentration of surfactant in solution (0.0026 M << CMC value of 0.0082 M), the structure 

or shape of the catalyst is not expected to change (Jana et al., 2007). However, surfactant 

helps in avoiding agglomeration of particles in the medium resulting in their even dispersion. 

Another effect of this is the higher interaction probability the ZnO particles with Fe3+ ions, 

which is expected to give uniform better doping. This solution was sonicated for 2 h using 5 s 

pulse mode (5 s on and 5 s off mode) (Bhatte et al., 2011). The system was operated at 30% 

amplitude with the theoretical power dissipation rate of 150 W. The actual power input to the 
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reaction system was determined using calorimetric measurements. During sonication, the 

temperature of the reaction mixture was controlled at 30oC with circulation of cooling water. 

Finally, Fe–doped ZnO particles were filtered and kept in oven at 100oC overnight, followed 

by calcination at 600oC for 5 h. 

 The Fe–doped ZnO catalyst synthesized with these techniques were designated as Fe–

ZnO (I) and Fe–ZnO (II), for the doping carried out in presence and absence of surfactant 

SDS, respectively. The original ZnO catalyst as well as two Fe–doped catalysts were 

characterized for size distribution, crystal structure using x–ray diffraction (XRD), surface 

area using Brunauer–Emmett–Teller (BET) surface area analyzer, bonding configuration 

using Fourier transform infrared spectroscopy (FTIR), optical properties using UV–Vis 

diffuse reflectance spectra, morphology using field emission scanning electron microscopy 

(FE–SEM), elemental composition using energy dispersive x–ray (EDX) spectroscopy and Fe 

oxidation states using temperature programmed reduction (TPR). 

 

8.2.3 Decolorization experiments 

 The decolorization experiments with ARB dye and MB dye were conducted with four 

protocols, viz. (1) sonolysis, (2) photocatalysis, (3) sonocatalysis, and (4) sonophotocatalysis. 

 In each of the above protocols, 50 ml of dye solution with an initial concentration of 

20 ppm (corresponding concentration 0.04 mM ARB and 0.063 mM MB) was used. The 

quantity of photocatalyst added to the solution was kept constant at 0.025 g in all 

experiments. It should be mentioned that addition of solid particles increases the number of 

cavitation bubbles in the system, as the tiny gas pockets trapped in the crevices of the solid 

particles act as cavitation nuclei (Tuziuti et al., 2005). Presence of solid particles in the 

medium contributes to attenuation of acoustic wave (Tuziuti et al., 2005), and hence, the 

amount of photocatalyst was kept as low as 0.05wt% to avoid these effects. The dye has 
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tendency to adsorb on the catalyst surface, which usually is wrongly accounted for as 

decolorized dye. However, the adsorbed dye is removed from the solution along with the 

catalyst particles as they are filtered out after treatment. In our analysis, we have accounted 

for both of these effects. 

 In sonocatalysis, photocatalysis and sonophotocatalysis protocols, the mixture of 

catalyst and dye solution was stirred for 1 h in dark place prior to sonication or UV–

irradiation. This was done to achieve adsorption–desorption equilibrium of dye on catalyst 

surface. Sonication of the dye solution was carried out in a 40 kHz frequency ultrasound bath 

(Jeio Tech, Capacity: 10 L, 200 W), which had the facilities of automatic frequency tuning 

and amplitude compensation to ensure constant power delivery to the reaction system during 

sonication, irrespective of the changes occurring in the medium. The acoustic pressure 

amplitude generated by transducers attached at the bottom in the ultrasound bath was 

measured using calorimetric method as 1.9 bar, which corresponds to the acoustic energy 

intensity of 1.2 W/cm2 with a volumetric energy dissipation of 8.71 W/L (Chakma and 

Moholkar, 2014). The initial temperature of the reaction mixture was 27oC. To control the 

temperature of water in the bath, hence the reaction mixture, the water was changed in every 

10 min. By this procedure, the variation in temperature was cut down to ±2oC. 1 mL of 

sample of the dye solution was withdrawn in every 10 min and centrifuged (Remi, R–8C) for 

30 min at 4500 rpm to separate the catalyst particles. The filtrate was then analyzed for the 

residual dye concentration using UV–Vis spectrophotometer (Perkin Elmer, Lambda 35). 

 In photocatalysis and sonophotocatalysis protocols, the UV irradiation of reaction 

mixture was provided using a blended high pressure mercury UV lamp (Starlite, 160 W). The 

maximum peak emission wavelength of this UV source was at 365 nm. However, it also had 

significant emissions in the visible range. The UV lamp was placed at the center of the bath 

above the reaction mixture. The whole assembly was stored in a black box to avoid light 
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radiation diffusion. Prior to commencement of the experiments, the UV lamp was kept on for 

15 min to obtain proper emission and diffusion of ultraviolet irradiation. We have also 

conducted experiments with degassing/ unsaturated medium by subjecting it to vacuum. For 

this purpose, a vacuum pump producing a vacuum of 600 mm Hg (or 160 mm Hg pressure) 

was used. With this procedure, the dissolved oxygen content of water was reduced from 9 

ppm to 4 ppm. All experiments were carried out twice to assess the reproducibility of the 

results and the mean value of decolorization achieved in the two experimental runs was 

considered for analysis. 

 

8.3 RESULTS OF CATALYST CHARACTERIZATION 

8.3.1 Size distribution analysis 

 The size distribution of original ZnO particles and Fe3+ doped ZnO particles was 

determined using DelsaTM Nano C (Beckman Coulter, Model: A53878) particle size analyzer. 

The volume distribution of the catalyst particles, ZnO and Fe–doped ZnO, is shown in Fig. 

8.1. The doped Fe–ZnO catalysts have smaller and uniform particle size, which can be 

attributed to sonication. The volume distribution of prepared Fe–doped catalysts was as 

follows: 

(i) ZnO: D (10%): 444.5 nm; D (50%): 647.5 nm, D (90%): 1100.3 nm 

(ii) Fe–ZnO (I): D (10%): 338 nm, D (50%): 466.6 nm, D (90%): 728 nm 

(iii) Fe–ZnO (II): D (10%): 246.9 nm, D (50%): 352.1 nm, D (90%): 600.8 nm 

Among the two varieties of Fe–doped catalysts, the Fe–ZnO(II) has a smaller mean particle 

size with narrower size distribution. We attribute this result to de–agglomeration of particles 

caused by adsorption of the surfactant molecules on the surface. 
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Figure 8.1: Particle size distribution for pure and Fe-doped ZnO on the basis of differential volume. 

Summary of distribution for ZnO: D(10%): 444.5 nm; D(50%): 647.5 nm, D(90%): 1100.3 nm; 

Summary of distribution for Fe–ZnO(I): D(10%): 338 nm, D(50%): 466.6 nm, D(90%): 728 nm; 

Summary of distribution for Fe–ZnO(II): D(10%): 246.9 nm, D(50%): 352.1 nm, D(90%): 600.80 nm. 

 

8.3.2 Morphology of photocatalyst particles 

 The surface morphology of the ZnO and Fe–ZnO was assessed using Field Emission 

Scanning Electron Microscope or FE–SEM (Model: SIGMA VP, Make: Carl Zeiss GmbH, 

Germany). The FE–SEM micrographs of the photocatalyst particles are depicted in Fig. 8.2. 

In these micrographs, the hexagonal structure of ZnO and Fe–ZnO is clearly revealed. 

 

8.3.3 Energy-dispersive X-ray (EDX) spectroscopy analysis 

 The elemental composition of Fe–doped ZnO photocatalyst was analyzed and 

confirmed using Energy Dispersive X–ray spectroscopy (Make: LEO, Model: 1430vp). Fig. 

8.3 shows the EDX spectrum of the Fe–doped ZnO nanopowder synthesized using two 

protocols mentioned earlier. 
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(A) ZnO 
 

(B) Fe–ZnO (I) 

 
(C) Fe–ZnO (II) 

 
Figure 8.2: FE-SEM images of (A) ZnO, (B) Fe–ZnO(I), and (C) Fe–ZnO(II) at 80 KX 

 

 

 

(A) 

 

(B) 

 
Figure 8.3: Energy Dispersive X-ray spectroscopy (EDX) results for two versions of Fe-doped ZnO. 

(A) Fe-ZnO(I), (B) Fe-ZnO(II) 
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8.3.4 Powder X–ray diffraction (XRD) analysis 

 The influence of Fe–doping on structural properties and crystallinity of the ZnO 

catalyst was assessed using XRD analysis. This analysis was performed using Bruker D8 

Advance X–ray powder diffractometer with monochromatic Cu–Kα (λ = 1.5406 Å) radiation, 

which operates at 40 kV and 40 mA. The XRD spectrum has been taken in the range 5–80 

degree and is depicted in Fig. 8.4. No characteristic peaks of iron were detected in XRD 

pattern due to low concentration of iron (2% w/w ZnO). Similar results have been reported in 

previous literature (Westmoreland and Harrision, 1976). 

 

 

Figure 8.4: XRD spectrum of the pure and Fe-doped ZnO photocatalysts 

 

 The intensity values of different peaks increased significantly with Fe–doping for 

both Fe–ZnO(I) and Fe–ZnO(II) catalyst. However, the major peaks present in the spectra 

were same for both pure and Fe–doped ZnO. The characteristic peaks of ZnO, Fe–ZnO(I), 

and Fe–ZnO(II) were seen at 2θ values of 31.76 (100), 34.4 (002), 36.23 (101), 47.51 (102), 

56.6 (110), 62.84 (103), 67.94 (112). The peaks located at (002) and (101) lattice plane is the 

indication of same hexagonal Wurtzite structure, whereas the peaks at (102) and (103) 

indicate the same Wurtzite crystal structure in all pure and Fe–doped ZnO (Saleh et al., 

2013). Therefore, it is clear that doping does not change the properties of catalyst. As the 

ionic radius of the Fe3+ (0.64 Å) is very close to the Zn2+ radius (0.60 Å), it could be assumed 
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that Fe3+ can easily penetrate into the semiconductor lattice (Madhavan et al., 2010; Ahrens, 

1952; Shi et al., 2008). Average particle size (Davg) of the catalysts was determined as 56–60 

nm from the most intense peak, corresponding to (101) reflection using Debye–Scherer 

formula (Goswami et al., 2013a, 2013b): 0.89 cosavgD     (Notation: λ is the X–ray 

wavelength of Cu–Kα, β is the line broadening at half–height and θ is the Bragg’s angle of the 

particles). 

 

8.3.5 FTIR analysis 

 The Fourier transform infrared (FTIR) transmittance measurements were performed 

to investigate the bonding configuration in the catalyst particles and depicted in Fig. 8.5. The 

spectrum was taken in the range of 400 – 4000 cm–1 using a Fourier Transform Infrared 

Spectrometer (Shimadzu, Model: IRAffiniti–1). The peaks in the range of 400 – 700 cm–1 

present in spectra are the characteristic peaks of ZnO stretching modes (Saleh et al., 2013). 

The peaks obtained in the range from 800 – 1500 cm–1 are attributed to the incorporation of 

Fe3+ ions into the lattice position of ZnO nanoparticles (Pandiyarajan et al., 2012). 

 

 

Figure 8.5: FTIR spectra of pure ZnO, Fe–ZnO(I), and Fe–ZnO(II) photocatalyst 
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8.3.6 BET surface area analysis 

 The surface area of undoped ZnO and Fe–doped ZnO was determined using BET 

surface area analyzer (Beckman Coulter, Model No. SA3100). The N2 adsorption–desorption 

isotherms and the corresponding BJH pore size distribution curve for ZnO, Fe–ZnO (I), and 

Fe–ZnO (II) are given in Fig. 8.6. 
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Figure 8.6: Results of BET surface area analysis. N2 adsorption–desorption isotherms of catalysts and 

the corresponding BJH pore size distribution curves (inset). (A) pure ZnO, (B) Fe-ZnO(I), and (C) Fe-

ZnO(II). 

 

 The N2 gas adsorption–desorption isotherms of the catalysts display the typical type 

III curve. The BET surface area of ZnO and Fe–ZnO(I) and Fe–ZnO(II) were 7.36, 4.34, and 
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6.18 m2/g, respectively; with corresponding total pore volume of 0.0834, 0.0497, and 0.0474 

cm3/g, respectively. The BET surface area of Fe–doped ZnO was reduced due to the doping 

of Fe3+ into the semiconductor, but in the latter case the surface area increases slightly. This 

effect is attributed to de–agglomeration caused due to addition of surfactant. 

 

8.3.7 UV–Vis diffuse reflectance spectra (DRS) 

 Fig. 8.7A and B show the UV–Vis reflectance spectra and band gap energies of pure 

and Fe–doped ZnO particles. Fig. 8.7A shows the change in percentage reflectance of Fe–

doped ZnO as compared to original undoped ZnO. The red–shift in the reflectance spectra for 

doped ZnO particles towards the visible light region is clearly evident from Fig. 8.7(A.1) and 

(A.2). The change in % reflectance for Fe–ZnO(I) photocatalyst was observed from 385 to 

850 nm, while the Fe–ZnO(II) exhibits the maximum change in % reflectance for higher 

wavelength greater than 400 nm. The red–shift of modified photocatalyst for Fe–ZnO (I) is 

attributed to the dopant. Higher red–shift for the second case, i.e. for Fe–ZnO(II) is attributed 

to the doping carried out in presence of SDS surfactant, which helps for uniform doping of Fe 

in the ZnO lattice, as noted earlier. The band gap energy for the photocatalysts has been 

determined by plotting [F(R).hv]0.5 against photon energy hv (eV), and extrapolating the 

linear portion of [F(R).hv]0.5 to 0 (zero). Here, F(R) is the Kubelka–Munk function and is 

defined as: 2( ) = (1 ) /2F R R R , where R is the reflectance (Aydin et al., 2013). With this 

procedure, the band gap energies are found to be 3.15, 3.09 and 3.0 eV for ZnO, Fe–ZnO (I) 

and Fe–ZnO (II), respectively. Doping of Fe3+ in ZnO nanostructure lattice replaces Zn2+ with 

Fe3+ resulting in formation of oxygen vacancies with additional energy level in the 

photocatalyst. Due to this, the average atomic distance increases that results in decrease of 

band gap energy. Doped–ZnO thus exhibits higher tendency to absorb photons, which excite 

the electrons from valence band (VB) to conduction band (CB). Many researchers have also 
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reported that the red–shift or narrower band gap of transition metals (TM) is due to the sp–d 

spin exchange interaction between the band edge electrons by replacing cation with localized 

d–electrons of TM ion (Zhao et al., 2007; Parra–Palomino et al., 2008). The substitution of 

cation has also been experimentally investigated and reported by Ando et al. (2001). 

 

 
(A) 

 
(B) 

 

Figure 8.7: Optical properties of pure and Fe-doped ZnO photocatalyst: (A) UV–visible diffuse 

reflectance spectra, and (B) Band gap energies of pure ZnO, Fe– ZnO. 

 

8.3.8 Temperature–programmed reduction (TPR) analysis 

 Temperature–programmed reduction (TPR) (Model: ChemiSorb 2720, Micromeritics) 

in hydrogen gas was performed by passing hydrogen gas over the Fe–doped ZnO at a flow–

rate of 10 mL/min. The temperature range was 50 to 850oC at a linear heating rate of 

10oC/min. A two–stage reduction was observed for both Fe–ZnO (I) and Fe–ZnO (II), as seen 

in Fig. 8.8. The shape of TPR profile for Fe–ZnO (II) changed as compared to Fe–ZnO (I). 

The maximum rates of reduction for Fe–ZnO (II) shifted to higher temperatures with higher 

H2 consumption. However, the H2 consumption in the second stage was lesser for Fe–ZnO 

(II) as compared to Fe–ZnO (I). The increase in hydrogen consumption during TPR with shift 

of peaks to higher temperatures is essentially attributed to present of dopant in the ZnO 
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matrix. Formation of Fe–Ox phase within ZnO matrix cannot be ruled out. However, these are 

in very small concentration, so as to be detected during XRD analysis. Similar observations 

have also been made by Balaraju et al. (2012) for Cu–MgO catalyst. They have attributed the 

higher temperature peak to reduction of cluster or bulk CuO particles. 

 

 

Figure 8.8: TPR profile of Fe–doped ZnO with and without SDS 

 

8.4 RESULTS OF DECOLORIZATION/ DEGRADATION OF TEXTILE DYES 

 Before presentation of main results of this study and their analysis, we briefly discuss 

herewith the beneficial effect of Fe doping on ZnO from the viewpoint of decolorization of 

textile dye. 

8.4.1 Fe–doping on ZnO: Reaction mechanism 

 For Fe–doped ZnO, absorption is enhanced to include the visible region through a red 

shift of the ZnO band gap. Small concentration of Fe ions (typically < 2 wt%) can be used for 

doping of ZnO. Excess concentration of Fe ions results in decrease of photocatalytic activity. 

This result is attributed to the fact that small concentration of Fe ions can function as a 

photo–generated hole and trap, inhibiting the recombination of hole–electron, as described by 
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equations below: 

  +ZnO +   e  + hhv    (charge pair generation) (8.5) 

  3+ 2+Fe  + e   Fecb
    (electron trap)   (8.6) 

  2+ 3+
2 2Fe +O (ads)  Fe +O  (electron release)  (8.7) 

  3+ + 4+
vbFe +h Fe    (hole trap)   (8.8) 

  4+ 3+Fe +OH Fe + OH    (hole release)   (8.9) 

Fe3+ ions react as electron holes and trap, which then form Fe2+ and Fe4+, which are relatively 

unstable as compared to Fe3+ ions. These ions react with oxygen and hydroxyl ions adsorbed 

onto the catalytic surface to produce hydroxyl radicals and superoxide ( 2O ) radicals, which 

enhance the oxidation of the pollutant. This recombination rate is found to be much faster at 

optimum concentration of Fe3+ ions. At higher than optimum concentration of Fe3+, the 

availability of the traps is reduced because the Fe4+ reacts with electrons: 

4+ 3+Fe  + e  Fe   and Fe3+ acts as the recombination center 3+ 2+Fe  + e  Fe   and 

2+ + 3+
vbFe  + h  Fe , thus reducing the activity of Fe–ZnO photocatalyst. 

 

8.4.2 Experimental results 

 The results of experiments of textile dye decolorization are shown in Table 8.1 for 

ARB and Table 8.2 for MB dye. The time histories of decolorization are shown in Fig. 8.9 for 

ARB dye and Fig. 8.10 for MB dye. In all experimental categories, the rate of dye 

decolorization was non–uniform with time (i.e. faster decolorization was achieved in first few 

minutes of sonication as compared to total decolorization achieved in 60 min of sonication).  
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Table 8.1: Summary of experimental results on decolorization/ degradation of Acid red B 

Experimental 
Category 

Decolorization of ARB 

1. Sonolysis (US) 16.36 ± 1.48 (3.86  ± 0.38 after 10 min) k = 4.34 × 10–5  

 ZnO Fe–ZnO (I) Fe–ZnO (II) 

 10 min 60 min k (s–1) 10 min 60 min k (s–1) 10 min 60 min k (s–1) 

2. MS + UV 46.3±0.99 

(1099%) 

63.45±1.91 

(287.84%) 

6.28 × 10–4 

(1347%) 

48.74±0.16

(5.27%) 

65.36±0.32 

(3.01%) 

6.87 × 10–4 

(9.4%) 

53.49±0.39 

(15.53%) 

74.3±1.06 

(17.1%) 

8.49 × 10–4 

(35.19%) 

3. US + Sat 30.6±0.79 

(693%) 

50.21±1.01 

(207%) 

3.49 × 10–4

(704.15%) 

35.26±1.43

(15.23%) 

51.96±0.49 

(3.49%) 

4.15 × 10–4 

(18.91%) 

47.93±0.19 

(56.63%) 

58.52±0.23

(16.55%) 

7.24 × 10–4 

(107.45%) 

4. US + Unsat 9.93±0.53 

(157%) 

43.12±1.20 

(163.56%) 

1.21 × 10–4 

(178.8%) 

32.69±0.95

(229.2%) 

41.46±1.22 

(317.52%) 

4.45 × 10–4 

(267.77%) 

42.88±1.47 

(331.82%) 

52.42±0.30

(21.57%) 

6.13 × 10–4 

(447.32%) 

5. US + UV + Sat 60.25±0.81 

(1461%) 

80.98±1.02 

(395%) 

9.22 × 10–4 

(2024%) 

65.45±2.3 

(8.63%) 

79.99±1.32 

(~0) 

1.07 × 10–3 

(16.05%) 

60.25±0.21 

(0) 

74.75±0.64

(~ 0) 

1.13 × 10–3 

(22.56%) 

6. US + UV + Unsat 43.8±2.88 

(1035%) 

73.32±1.39 

(348.17%) 

6.05 × 10–4 

(1294%) 

50.42±3.99

(15.11%) 

70.58±2.24 

(~0) 

7.27 × 10–4 

(20.17%) 

56.03±4.03 

(27.92%) 

74.13±2.90

(1.11%) 

8.70 × 10–4 

(43.8%) 

Notations: US – ultrasound assisted, MS – assisted with mechanical stirring, η – decolorization efficiency (%), k – pseudo 1st order kinetic constant (sec–1). 
Figures given in bracket in each column indicate percentage enhancement in extent of decolorization / rate constant for decolorization in comparison to the 
base case. For pure ZnO catalyst, the base case has been sonolysis alone, while for Fe-ZnO (I) and Fe-ZnO (II) catalysts, the base case has been pure ZnO 
catalyst, against which the comparison has been made. 
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Table 8.2: Summary of experimental results on decolorization/ degradation of Methylene Blue 

Experimental 
Category 

Decolorization of MB 

1. Sonolysis (US) 7.14 ± 0.48 (1.07 ± 0.09 after 10 min) k = 2.17 × 10–5 

 ZnO Fe–ZnO (I) Fe–ZnO (II) 

 10 min 60 min k (s–1) 10 min 60 min k (s–1) 10 min 60 min k (s–1) 

2. MS + UV 20.18±0.74 

(1786%) 

41.15±1.05 

(476%) 

2.48 × 10–4 

(1043%) 

27.69±2.34 

(37.21%) 

52.07±3.96 

(26.54%) 

3.36 × 10–4 

(35.48%) 

28.52±1.74 

(41.32%) 

69.23±2.43 

(68.23%) 

4.14 × 10–4 

(66.93%) 

3. US + Sat 36.71±0.41 

(3331%) 

47.93±0.79 

(571%) 

5.42 × 10–4 

(2398%) 

41.71±0.41 

(13.62%) 

54.63±0.38 

(13.97%) 

5.97 × 10–4 

(10.14%) 

45.86±1.22 

(24.92%) 

55.46±0.63 

(15.71%) 

6.86 × 10–4 

(26.56%) 

4. US + Unsat 31.27±1.03 

(2822%) 

43.45±0.50 

(509%) 

4.20 × 10–4 

(1836%) 

35.62±0.54 

(13.91%) 

42.14±1.36 

(~ 0) 

4.84 × 10–4 

(15.23%) 

37.49±1.41 

(19.89%) 

54.31±0.98 

(25%) 

5.78 × 10–4 

(37.6%) 

5. US + UV + Sat 42.87±2.19 

(3906%) 

53.28±0.07 

(646%) 

6.39 × 10–4 

(2845%) 

43.16±0.04 

(1%) 

60.10±0.87 

(12.8%) 

6.33 × 10–4 

(~0) 

53.51±1.12 

(24.82%) 

67.55±0.28 

(26.78%) 

9.07 × 10–4 

(41.94%) 

6. US + UV + Unsat 20.88±0.21 

(1851%) 

53.38±3.83 

(648%) 

3.19 × 10–4 

(1370%) 

49.89±1.3 

(139%) 

61.85±1.17 

(15.86%) 

7.94 × 10–4 

(149%) 

48.57±3.84 

(132.6%) 

71.50±1.65 

(33.94%) 

8.13 × 10–4 

(154.8%) 

Notations: US – ultrasound assisted, MS – assisted with mechanical stirring, η – decolorization efficiency (%), k – pseudo 1st order kinetic constant (sec–1). 
Figures given in bracket in each column indicate percentage enhancement in extent of decolorization / rate constant for decolorization in comparison to the 
base case. For pure ZnO catalyst, the base case has been sonolysis alone, while for Fe-ZnO (I) and Fe-ZnO (II) catalysts, the base case has been pure ZnO 
catalyst, against which the comparison has been made. 
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 Hence, we have mentioned in Tables 8.1 and 8.2, the percentage decolorization 

achieved in first 10 min, in addition to the total decolorization obtained in 60 min of 

sonication. As noted earlier, the dye adsorbs on the photocatalyst, and to distinguish this 

effect in total decolorization, the dye solution was stirred in dark ambience for 60 min after 

addition of the photocatalyst – prior to sonication. Zero time for sonication was marked at 

completion of 60 min of stirring (in other words the negative time of 60 min in Figs. 9 & 10 

indicates adsorption step with stirring). 

 The kinetics of decolorization in experimental categories has been quantified using a 

pseudo 1st order kinetic constant for decolorization. This constant has been calculated using 

the decolorization data for 30 min of sonication (considering that the rate of decolorization 

almost levels off after 30 min). The assumption of pseudo 1st order kinetics is based on 

results published in previous literature as well as our own experience with sonochemical 

degradation of recalcitrant and non–volatile pollutants (Sivasankar and Moholkar, 2009; 

Patidar et al., 2012; Malani et al., 2014). 

 We can compare the experimental data in two ways: vertical comparison in a column 

and horizontal comparison in a row. The vertical comparison determines the synergy between 

different techniques as they are applied in combination, and the horizontal comparison gives 

a picture of the effectiveness of Fe–doping on ZnO (either in absence or presence of 

surfactant). 

 

8.4.2.1 Vertical comparison 

 Some interesting trends in the results of decolorization of the dyes under different 

conditions can be identified with vertical comparison as follows: 

(1) With respect to ultrasound alone, the decolorization in all categories with ZnO 

increases. This indicates a clear influence of ZnO on the decolorization. 
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(2) Interestingly, with addition of ZnO particles but in absence of external UV irradiation, 

the decolorization reduces with degassing or unsaturation of medium. The cavitation intensity 

is known to increase with degassing – but the trend observed with ZnO is reverse. 

In our earlier study (Balaji et al., 2011), it is proven that the sonoluminescence emission is 

not able to activate the photocatalyst. Therefore, in categories where external UV light is not 

used, the role of ZnO is that of mere adsorbent. In another earlier studies (Chakma and 

Moholkar, 2011), we have shown that the shockwaves generated from cavitation bubbles 

enhance desorption. The cavitation intensity increases with degassing or unsaturation, and 

hence, the extent of desorption is also expected to increase with unsaturation. This could be 

the cause leading to the effect of reduction in extent of decolorization. 

 Adsorption of dye creates local concentration of dye molecules in the solution. The 

ZnO or Fe–ZnO particle can act as local nucleation sites for cavitation events. Occurrence of 

transient cavitation in the close vicinity of the photocatalyst particles helps in higher dye–

radical interaction that result in higher and faster decolorization. With degassing of the 

medium, the cavitation intensity increases. This creates intense turbulence in the medium due 

to generation of shockwaves. These shockwaves cause desorption of the dye from surface of 

photocatalyst which in turn reduces the probability of dye/radical interaction and hence the 

extent of decolorization.  

(3) In case of experimental category sonication + photocatalyst + UV irradiation, the 

saturation level (or dissolved gas content) of the medium does not show much effect on 

decolorization. Referring to the studies by Sivasankar et al. (2007), Moholkar and 

Warmoeskerken (2003), and Moholkar et al. (2004), the saturation level of the medium has a 

critical effect on the outcome of the sono–process – both sonophysical and sonochemical 

process. However, in presence of ZnO is almost independent of the saturation. 

 The synergy between sonocatalysis and photocatalysis is even more negative for the 
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case of unsaturated medium in which highly intense cavitation is likely to occur. Comparing 

the results for the two dyes, we see that the above trend remains more–or–less the same. For 

methylene blue, the decolorization obtained under saturated and unsaturated medium for 

sono–photocatalysis is almost the same (within practical limits) for all three photocatalysts. 

For ARB dye, the decolorization reduces under unsaturated medium for ZnO and Fe–ZnO(I) 

catalysts, while no change in decolorization is seen for Fe–ZnO(II). 

 The values of the percentage decolorization achieved under different combination of 

ultrasound, photocatalyst and UV help in determining the synergy between different 

mechanisms. For example, for the ARB dye and ZnO catalyst, sonication alone gives a 

decolorization of 16% which is boosted more than 3× with addition of ZnO. This is the 

technique of sonocatalysis. In absence of UV, ZnO acts merely as an adsorbent that generates 

local concentration of dye (in a highly dilute solution). With mechanical stirring and UV – 

irradiation, ZnO alone gives a decolorization of 63%. This is the technique of photocatalysis. 

From these results, one could essentially expect that, if sonocatalysis is combined with 

photocatalysis, i.e. simultaneous application of ultrasound and UV – irradiation with ZnO, 

complete decolorization should be achieved. However, contrary to this expectation, 

decolorization of only 80% is seen. This result is an indication of negative synergy between 

sono–catalysis and photocatalysis. Interestingly, this result is consistent for all three 

photocatalysts used in this study, viz. ZnO, Fe–ZnO(I) and Fe–ZnO(II). 

 

8.4.2.2 Horizontal comparison 

 Comparing the results in rows of Tables 8.1 and 8.2 helps identify the influence of 

Fe–doping on the dye decolorization. The number indicated in bracket give the percentage 

rise in decolorization achieved in each category against the base case. The interesting results 

in this case can be summarized as follows: 
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(1) Addition of ZnO (in either pure form or doped form) gives an enormous boost to the 

extent of decolorization. The boost is not only in the total decolorization achieved within 1 h 

of sonication, but also in the kinetics of decolorization as indicated by the results for initial 10 

min of decolorization. 

(2) For the saturated medium, decolorization achieved with both doped catalysts, viz. Fe–

ZnO(I) & Fe–ZnO(II), is practically same as seen from results of category 3 experiments. 

Marginal rise is seen in the kinetics of decolorization for Fe–ZnO(II). Similar conclusion can 

also be drawn for category 5 experiments, in which UV light was applied simultaneously 

with sonication. The percentage rise in total decolorization as well as kinetics of 

decolorization with Fe–ZnO (II) catalyst is somewhat higher in this case. 

(3) For unsaturated medium, sonication alone gives marginal rise (15–25%) in both kinetics 

of decolorization and total decolorization for both Fe–ZnO (I) and Fe–ZnO (II) catalysts. 

Comparing between Fe–ZnO (I) and Fe–ZnO (II), we find that performance of latter is better. 

 Total enhancement in decolorization (with respect to sonolysis alone, or in absence of 

external UV source) with addition of photocatalysis is attributed to adsorption of dye on the 

catalyst. It could be seen that for unsaturated medium, the enhancement is less. This 

essentially means that relatively high intensity shock waves generated by smaller bubbles in 

unsaturated medium are responsible for desorption of dye that leads to reduced probability of 

dye molecule – radical interaction, causing reduction in extent of decolorization (Chakma and 

Moholkar, 2011; Midathana and Moholkar, 2009). Comparing this trend among the three 

catalysts, one can observe that for Fe–ZnO (II), extent of decolorization for saturated as well 

as unsaturated medium is almost the same. This is indication of better adsorbability of doped 

ZnO catalyst due to which the adverse effect of shock waves is minimized. 
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(A) (B) 

 

(C) 

 

Figure 8.9: Time histories of decolorization of dye Acid Red B in various experimental categories (or 

protocols). (A) Individual advanced oxidation process. (B) Sonocatalysis process with pure ZnO, Fe–

ZnO (I) and Fe–ZnO (II) catalyst. (C) Sonophotocatalysis process with pure ZnO, Fe–ZnO (I) and Fe–

ZnO (II) catalyst. (Abbreviations: US – ultrasound, MS – mechanical stirring, Sat – Saturated reaction 

medium, Unsat – Unsaturated reaction medium) 
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(A) (B) 

 

(C) 

 

Figure 8.10: Time histories of decolorization of dye Methylene Blue in various experimental 

categories (or protocols). (A) Individual advanced oxidation process. (B) Sonocatalysis process with 

pure ZnO, Fe–ZnO (I) and Fe–ZnO (II) catalyst. (C) Sonophotocatalysis process with pure ZnO, Fe–

ZnO (I) and Fe–ZnO (II) catalyst. (Abbreviations: US – ultrasound, MS – mechanical stirring, Sat – 

Saturated reaction medium, Unsat – Unsaturated reaction medium) 

 

8.4.3 Identification of synergy in hybrid advanced oxidation process (HAOP) 

 Having described and discussed the trends in decolorization in preceding section, we 

now try to identify the synergy between individual AOPs of sonolysis and photocatalysis in 

hybrid AOPs, viz. sonocatalysis and sonophotocatalysis, using pure and Fe–doped ZnO. We 

define a quantitative measure of synergy as follows: 
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Figs. 8.11A and B depict the synergy effect for the hybrid AOPs using pure ZnO and Fe–

doped ZnO catalysts for ARB and MB dyes, respectively. These figures show large negative 

values of synergy effect for categories 3 and 4, in which no external UV source was used. In 

this case, we conjectured the activation of photocatalyst by the light emission during 

sonoluminescence. This emission is expected to increase with unsaturation, as the intensity of 

the transient collapse of bubbles increases. 
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Figure 8.11: Synergism of hybrid advanced oxidation processes (HAOPs): (A) Synergistic effect for 

decolorization of Acid Red B (azo dye) and (B) Synergistic effect on decolorization for Methylene 

Blue (non-azo dye). Note: While calculation of the synergies, the extent of adsorption of the dye onto 

the photocatalyst at time zero as shown in Figs. 9 & 10 (prior to commencement of the advanced 

oxidation treatment) has been accounted for. 

 

 However, contrary to this conjecture, we see negative synergy with all three 

photocatalysts for categories 3 and 4. This result is consistent for both dyes. Moreover, the 
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synergy is more negative for the unsaturated medium. This result is clear evidence that the 

expected activation of photocatalyst by sonoluminescence light does not occur. Moreover, 

higher intensity shock waves cause desorption of the dye, as noted earlier. These results are 

further corroboration of our results on physical mechanism of ultrasound assisted adsorption/ 

desorption published earlier (Balaji et al., 2011; Chakma and Moholkar, 2011; Midathana and 

Moholkar, 2009). 

 Even for categories 5 and 6, where external UV source was used for activation of 

photocatalyst, we see negative synergy as compared to the sum total of decolorization 

obtained with sonolysis and photocatalysis. This essentially means that the desorption effect 

caused by shock waves overwhelms the additional radical generation by the photocatalyst. 

These radicals are generated at the surface of the catalyst, and due to extreme instability do 

not penetrate deeper into the medium. Therefore, the higher the extent of dye adsorption on to 

the catalyst, the higher the probability of interaction between radicals generated by 

photocatalytic effect and the dye molecules. As noted earlier, the shock waves cause 

desorption of dye molecules from surface, which reduces the probability of the dye molecule 

– radical interaction leading to smaller degradation. It needs to be mentioned that another 

mechanism for cleaning of the solid surface by cavitation bubbles is the jetting due to bubbles 

as observed by Ohl et al. (2006). However, in the present context, the scale of size of the 

catalyst particle (~1 µm) and a transient cavitation bubble is similar, and hence the 

probability of jet formation due to asymmetric collapse of bubble is expected to be slim. 

Thus, shock waves remain to be the principal mechanism for desorption of the dye molecules. 

This trend is same for all three catalysts used in this study, viz. pure ZnO and Fe–doped ZnO. 

Fig. 8.12 depicts the exact synergy of the two individual AOPs of sonolysis and 

photocatalysis. 
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Figure 8.12: Schematic depicting the synergy of physical mechanism between sonolysis, 

sonocatalysis and sonophotocatalysis. Adsorption of the dye molecules onto surface of photocatalyst 

increases the probability of interaction between dye molecules and radicals generated through 

photocatalysis. The photocatalyst particles act as nucleation sites for cavitation events. However, the 

shock waves generated by cavitation bubbles cause desorption of dye molecules from surface and 

reduce the interaction probability of dye molecules with radicals generated from photocatalyst. On the 

other hand, the radicals generated by transient implosion of cavitation bubbles in vicinity of 

photocatalyst particles can cause some decolorization. 

 

 Fe–doping of ZnO catalyst increases the absolute decolorization of both dyes obtained 

in different categories of experiments as compared to pure ZnO. However, the nature of 

interaction of the mechanisms of the two processes, viz. sonolysis and photocatalysis, does 

not change with doping. The net synergy between these processes stays negative in case of all 

three catalysts. 

 

8.5 CONCLUSION 

 In the present study, we have investigated the mechanistic issues of the hybrid AOPs 

of sonocatalysis and sonophotocatalysis. Three photocatalysts, viz. pure ZnO and Fe–doped 
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ZnO (synthesized with two protocols) have been used. Decolorization of two textile dyes (azo 

and non–azo) was used as model reaction. Characterization of doped ZnO catalyst indicated 

that Fe–doping increased the absorption band width in visible region, in addition to reducing 

the hole–electron recombination, due to which •OH radical generation potential of the catalyst 

increases. However, experiments in 6 different protocols that alter the characteristics of 

ultrasound and cavitation events in the medium have clearly revealed a negative synergy 

between individual AOPs of sonolysis and photocatalysis. A major cause leading to this 

effect are the shock waves generated by cavitation bubbles, which desorbs the dye molecules 

adsorbed on the surface of photocatalyst, thus reducing the probability of radical–dye 

molecule interaction. The sonoluminescence light emitted during transient cavitation is also 

unable to activate the photocatalyst, in absence of an external UV source. These results have 

been found to be almost consistent for all three photocatalysts and for both dyes. The Fe–

doping of ZnO could increase the extent of decolorization with respect to pure ZnO, but the 

synergy between two AOPs remains unaltered in the hybrid AOPs employing all three 

catalysts. Thus, this work has highlighted important issues of physical mechanism of hybrid 

advanced oxidation process of sonocatalysis and sonophotocatalysis, which could be useful 

for further research in this area. 
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MECHANISTIC INVESTIGATIONS IN 
HETEROGENEOUS HYBRID AOPS:  
ZrFe2O5 CATALYST WITH DUEL  
(PHOTO AND FENTON) ACTIVITY 

 

 

 

 

9.1 INTRODUCTION 

 In the first three chapters, we presented investigations in hybrid advanced oxidation 

processes involving sonolysis and Fenton process, and variants of the Fenton process. In the 

last chapter, we presented investigations in mechanistic issues of sono-photocatalysis. In this 

chapter, we combine these approaches using a new catalyst that has both Fenton and photo-

activity. Spinel compounds such as metal ferrites have high adsorption capacity for various 

dyes and can be used as catalyst during sonolysis (Suzuki et al., 2006; Nishimura et al., 2009; 

Ito et al., 2009). Metal ferrite in the form of nanoparticles can also be synthesized using 

sonochemical route (Sivakumar et al., 2006, 2012; Reddy et al., 2010). The studies reported 

by Choudhury et al. (2013) and Goswami et al. (2013) have indicated that the principle 

chemical mechanism in the synthesis is in–situ micro–calcination induced by physical and 

chemical effects of transient cavitation. 

 In this study, we have reported synthesis and characterization of zirconium ferrite 

(ZrFe2O5), and its use in concurrence with sonolysis for degradation of the textile dyes. On 
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the basis of the photo–activity of ZrFe2O5, we have also studied additional contribution of a 

UV source – which essentially gives the hybrid AOP of sono–photocatalysis, as noted earlier. 

ZrFe2O5 catalyst was also revealed to possess Fenton–activity, and hence, we have explored 

additional contributions of H2O2 addition to reaction mixture – which essentially gives the 

hybrid AOP of (heterogeneous) sono–Fenton. In order to emphasize efficacy of ZrFe2O5 in 

degradation of organic pollutants, we have also compared results with conventional TiO2 

catalyst. Both ZrFe2O5 and TiO2 particles have been synthesized using sonochemical protocol 

and characterized with standard techniques. As explained in subsequent sections, our study 

has not only revealed special features of catalysts synthesized through sonochemical routes, 

but have also shed light on the exact synergies of the hybrid AOPs and the relative roles of 

individual mechanisms of adsorption, Fenton reactions, photocatalysis and transient 

cavitation. Synthesis of metal ferrites (for example zinc and manganese ferrites) through 

sonochemical route has been reported by earlier authors. Some distinct merits of 

sonochemical route for ferrite synthesis over convectional technique is one-pot synthesis with 

use of less hazardous chemicals, no need of additives and energy intensive step of 

calcination. However, to the best of our knowledge, this study is first report on sonochemical 

synthesis of ZrFe2O5 with dual activity (Photo– and Fenton– activity) and its application for 

degradation of textile dyes through diverse hybrid AOPs such as sonocatalysis, 

photocatalysis, sono–photocatalysis and heterogeneous sono–Fenton & sono–photo–Fenton. 

 

9.2 EXPERIMENTAL SECTION 

9.2.1 Materials 

 The following chemicals have been used for the present study: Titanium (IV) 

isopropoxide (Alfa Aesar), zirconium oxychloride (Merck), glacial acetic acid (Merck) and 

ammonium solution (30%, Merck), hydrogen peroxide (30%, Merck), ethanol (Merck) and 
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iron (II) acetate (Sigma–Aldrich). The model dye of Methylene Blue (C16H18N3SCl) was 

purchased from Loba Chemie, while Acid Red B or Acid Red 14 (C20H12N2Na2O7S2) was 

procured from a.b. Chemicals and Instrument. Dye solutions in all experiments were prepared 

using ultrapure water (≥18 MΩ·cm resistivity at 25oC). 

 

9.2.2 Synthesis of ZrFe2O5 and TiO2 particles 

Protocol for sonochemical synthesis of zirconium ferrite (ZrFe2O5): In this protocol, an 

aqueous solution of 3.223 g (0.2 M) of zirconium oxychloride and 3.479 g (0.4 M) of iron (II) 

acetate was prepared in 50 mL of water. The molar ratio of zirconium chloride to iron acetate 

in this solution was 1:2. The pH of the solution was maintained at 6.5 using 30% ammonium 

solution. The reaction mixture was sonicated for 2 h with 5 s ON and 5 s OFF pulse mode. 

The temperature of the reaction mixture during sonication was maintained at 30oC using an 

ice bath. 2 h of sonication of this mixture resulted in brown colored solid suspension. The 

solid phase in the suspension was separated by centrifugation at 5000 rpm for 30 min (Remi 

Equipment, model: R–8C). Solid particles were further dried in a hot air oven (Navyug, 

model: 101) at 100oC for 12 h. The solid powder obtained after drying was ground and 

calcined at different temperatures in the range of 500o to 900oC. 

 

Protocol for sonochemical synthesis of TiO2: An ultrasound–assisted sol–gel method was 

used for synthesis of TiO2 particles. In this protocol, 2 mL of TTIP was added to 30 mL of 

ethanol and 1 mL of acetic acid mixture. The mixture was then sonicated for 10 min using 20 

kHz ultrasonic probe with 40% amplitude (Sonics, model: VCX500, 500 W), which 

corresponded to theoretical power input of 200 W. Actual power input to the system and the 

pressure amplitude of the ultrasound waves generated by the probe was determined as 1.5 bar 

using calorimetric technique (Chakma and Moholkar, 2014). After 10 min sonication of the 
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mixture, 30 mL of water was added to the reaction mixture followed by sonication for 

another 30 min, which resulted in gel formation. The gel was dried in a hot air oven (Navyug, 

model: 101) at 100oC for 12 h. White powder obtained after drying was calcined at 300oC 

and 500oC to obtain TiO2 in anatase form. 

 

9.2.3 Assessment of catalytic activity of ZrFe2O5 and TiO2 using dye decolorization 

 The catalytic activity of the as–synthesized TiO2 and ZrFe2O5 was assessed using 

protocols of sonocatalysis, photo–catalysis, sonophotocatalysis and (heterogeneous) sono–

Fenton. Decolorization/degradation of textile dyes was used as the model reaction. Two 

textile dyes, viz. Acid Red B (an azo dye, abbreviated hereafter as ARB), and Methylene Blue 

(non–azo dye, abbreviated hereafter as MB) were chosen as model recalcitrant organic 

pollutants. All experiments were carried out using 50 mL dye solutions with initial 

concentration of 20 ppm (corresponding molar concentration of 0.04 mM for ARB and 0.063 

mM for MB). In each experiment, 25 mg of catalyst was added to the dye solution prior to 

experiment. All the experiments were conducted at neutral pH. 

 

Adsorption of dye onto catalyst: Both catalysts, viz. TiO2 and ZrFe2O5 show tendency to 

adsorb dye molecules. The adsorbed dye molecules may be mistakenly counted as degraded 

molecules. In order to isolate this artifact, the adsorptive capacity of TiO2 and ZrFe2O5 for 

both model dyes was assessed prior to main experiments. The protocol followed was as 

follows: 25 mg of catalyst was added in 50 mL of dye solution with initial concentration of 

20 ppm. The progress of adsorption study was evaluated by withdrawing 1 mL sample of the 

dye solution at regular time interval. The residual concentration of the dyes in these samples 

was determined using UV–Visible spectrophotometer. 
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Decolorization experiments: Ultrasound–assisted experiments (viz. protocols of 

sonocatalysis, sono–Fenton, sono–photocatalysis and sono–photo–Fenton) were carried out 

using an ultrasound bath (JeioTech, South Korea, Model: UC–10), which operates at a 

frequency of 40 kHz and a theoretical power of 200 W. For the photo–assisted experiments 

(viz. protocols of sono–photocatalysis, sono–photo–Fenton and photocatalysis with 

mechanical stirring), two UV sources, viz. a UVA lamp (11 W, Phillips) with maximum peak 

emission at 365 nm and a UVC lamp (11 W, Phillips) with maximum peak emission at 254 

nm, were used. The experiments were conducted with either a single UV source (UVA) or a 

combination of two UV sources (UVA + UVC). The UV source was placed above the 

reaction beaker at a distance of 14 cm from the surface of dye solution in the beaker (greater 

details along with schematic of the experimental set up with all dimensions are given in 

Chapter 3). 

 In ultrasound–assisted experiments, the reaction beaker was placed exactly in the 

center of the bath. The UVA lamp was switched on for 15 min before the experiment so that 

the diffusion of UV light in the reaction solution is uniform. During the reaction, the 

temperature of the dye solution was maintained at 25±1oC. In ultrasound–assisted 

experiments, the temperature of the reaction mixture increases during sonication. This 

temperature rise was controlled by circulating cooling water in the bath using a temperature 

controlled bath (Amkette Analytics, model: WB2000). The decolorization reaction was 

monitored by withdrawing aliquots of dye solution at regular intervals. These aliquots were 

centrifuged at 5000 rpm (Remi Equipment, model: R–8C) to separate the solid catalyst 

particles and the residual dye concentration in these samples was analyzed at 512 nm (for 

ARB dye) and 663 nm (for MB dye) using UV–Visible spectrophotometer (Perkin Elmer, 

Lambda 35). In addition, the removal of total organic carbon (TOC) in the dye solution with 

mineralization was analyzed using a TOC analyzer (O–I–Analytical, Model: Aurora 1030). 

TH-1390_11610705



CHAPTER 9 

290 

 In view of experimental results of adsorption experiments (described in the next 

section), ZrFe2O5 catalyst was added to the ARB dye solution just before the commencement 

of main treatment. For consistency, the same protocol was followed for the other dye of MB 

as well. On the basis of results of characterizations of catalysts, the decolorization 

experiments were devised in 7 different categories on the basis of the prevalent mechanism of 

decolorization. Each of these categories used either TiO2 or ZrFe2O5 as the catalyst. In view 

of the Fenton active 2 3α Fe O  phase present in ZrFe2O5 (as described in greater detail in the 

next section), the experiments using ZrFe2O5 were also carried out with external addition of 

H2O2 (7.83 mM). Moreover, for experimental categories employing ultrasound, the saturation 

level of the liquid medium was also varied. In one category, liquid medium saturated with 

dissolved oxygen (9 ppm) was used, while in another category, the dissolved oxygen content 

of the medium was lowered to 2 ppm by application of vacuum and heating. With 

permutation–combination of different techniques, the following experimental protocols 

employing either individual AOP or hybrid AOP have been devised.  

Individual AOPs: Sonolysis, photocatalysis (with either TiO2 or ZrFe2O5) and heterogeneous 

Fenton (with ZrFe2O5 + H2O2) 

Hybrid AOPs: Sonocatalysis (with either TiO2 or ZrFe2O5), sono–photocatalysis (with either 

TiO2 or ZrFe2O5 and UV source), sono–Fenton (with ZrFe2O5+H2O2) and sono–photo–

Fenton (with ZrFe2O5+H2O2+UV source) 

 

9.3 CHARACTERIZATION OF ZrFe2O5 AND TiO2 PARTICLES: RESULTS AND 

DISCUSSION 

9.3.1 Particle size distribution (PSD) analysis 

 The particles size distribution of ZrFe2O5 and TiO2 powder was performed using 

Delsa™ Nano C (Beckman Coulter, model: A53878) particle size analyzer. The result of 
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particle size distribution is shown in Fig. 1. The particle distribution of synthesized catalysts 

was as follows: 

TiO2: D (10%): 308.60 nm, D (50%): 692.80 nm and D (90%): 1,736.50 nm 

ZrFe2O5: D (10%): 159.60 nm, D (50%): 272.60 nm and D (90%): 560.40 nm 

 

 

 

Figure 9.1: Particle size distribution of Zr–Ferrite (ZrFe2O5) and TiO2 powders 

 

9.3.2 X–ray diffraction (XRD) analysis 

 The structural characteristics of the catalysts were determined using X–ray powder 

diffractometer (Bruker, model: D8 Advance) with monochromatic Cu–Kα (λ = 1.5406 Å) 

radiation. Fig. 9.2 show the XRD spectrum of the catalyst particles in the range 2θ = 10o–80o. 

The strong peak in Fig. 9.2A at 2θ = 25.4o corresponds to the predominant (101) anatase 

phase of TiO2 (Sathishkumar et al., 2014). The other peaks corresponding to lattice plane 

(004), (200), (105), (211), (204), (311), (112) and (103) also represented anatase phase of 

TiO2 (Sathishkumar et al., 2008; Toyoda et al., 2004; He and Lin, 2007). As seen from Fig. 

9.2A, the presence of above peaks in the XRD spectrum of TiO2 prior to calcination is an 

evidence that titanium dioxide was formed during the sonochemical treatment. 
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Sonochemically synthesized TiO2 has anatase phase, which remains unaltered even after 

calcination of the particles at a temperature of 500oC. 

 

 
(A) 

 

 
(B.1) 

 
(B.2) 

 

Figure 9.2: (A) Powder x–ray diffraction results of TiO2 particles, (B) Powder x–ray diffraction 

results of ZrFe2O5 particles calcined at different temperatures 

 

 In case of ZrFe2O5, the solid particles obtained after sonochemical treatment did not 

show any peak corresponding spinel structure. This essentially means that synthesis of 

ZrFe2O5 is not complete after sonochemical treatment, and external calcination of the solid 

product is essential for formation of ferrite. As seen in Fig. 9.2(B.1), calcination of solid 

product from sonochemical treatment did not yield ferrite till calcination temperature of 
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600oC. Above this threshold temperature, peaks corresponding to the ferrite phase appeared 

in the XRD spectrum of calcined solids. The samples calcined at 700oC showed peaks at 

(220), (311) and (440) along with 2 3α Fe O  phase at (104) and tetragonal ZrO2 at (022). The 

diffractograms of samples calcined at 800 and 900oC (shown in Fig. 9.2(B.2)) showed high 

intensity peaks at (111), (220), (311), (422), (440) and (533), which correspond to the spinel 

structure of ferrite particles (Shirsath et al., 2013; Sattar et al., 2007). 

 Some peaks at (012), (104), (113), (024) and (300) were also seen in Fig. 9.2(B.2), 

which correspond to the hematite phase ( 2 3α Fe O ) (Li et al., 2007; Lin et al., 2007). Solids 

calcined at 900oC also showed the presence of monoclinic phase (corresponding to peak at (–

111, 111)) and tetragonal phase (corresponding to peak at (022, 140)) of ZrO2 (Lin et al., 

2007; De la Rosa et al., 2008). Reduction in the intensity of peak at (220) for solids calcined 

at 900oC (as compared to 800oC) could be attributed to agglomeration of particles (as 

observed in our previous study by Goswami et al. (2013). The increase in intensity of peak 

(104) for solids calcined at 900oC could be attributed to the formation of 2 3α Fe O  phase. It 

is noteworthy that this phase has Fenton activity, and this forms the basis of the experimental 

category with external H2O2 addition, as noted earlier. 

 

9.3.3 FESEM and TEM analysis 

 The surface morphologies of the prepared ZrFe2O5 and TiO2 particles were performed 

using Field Emission Scanning Electron Microscopy (Carl Zeiss GmbH, model: SIGMA VP, 

Germany) and Transmission Electron Microscope (JEOL, model: JEM 2100, USA). Figs. 9.3 

& 9.4 represent the FESEM and TEM images of as–synthesized TiO2 and ZrFe2O5 particles. 

It could be seen from these pictures that both ZrFe2O5 and TiO2 particles are isotropic in 

shape and uniform in terms of size distribution. 
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(A) 

 
(B) 

 

Figure 9.3: FESEM images for surface morphology of (A) ZrFe2O5 and (B) TiO2 at 30 KX 

 

 

 
(A) 

 
(B) 

 

Figure 9.4: TEM images of sonochemically synthesized (A) ZrFe2O5 and (B) TiO2 
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9.3.4 Diffuse reflectance spectra (DRS) analysis 

 Fig. 9.5 shows the diffuse reflectance spectra (DRS) of ZrFe2O5 and TiO2 powder. 

The band gap energies for both the catalysts have been determined by plotting  0.5
( )F R hv  

against photon energy hv (eV); and extrapolating the linear portion of  0.5
( )F R hv  to 0 

(zero). Here, F(R) is the Kubelka–Munk function, which is defined as (Chakma and 

Moholkar, 2004; Aydin et al., 2013): 2( ) (1 ) 2F R R R  , where R is the reflectance. The 

DRS results showed that sonochemically synthesized ZrFe2O5 has lower band gap energy 

than TiO2. With this analysis, the band gap energies for ZrFe2O5 and TiO2 have been 

estimated as 2.05 and 3.1 eV, respectively. 

 

 
(A) 

 
(B) 

 

Figure 9.5: (A) UV–Visible diffuse reflectance spectra of ZrFe2O5 and TiO2, and (B) Estimated band 

gap energy of ZrFe2O5 and TiO2 

 

9.3.5 BET surface area analysis 

 The surface area of ZrFe2O5 and TiO2 was analyzed using BET surface area analyzer 

(Beckman Coulter, Model: SA3100). The N2 adsorption–desorption isotherms and the 

corresponding BJH pore size distribution curve for ZrFe2O5 and TiO2 are shown in Fig. 9.6. 

The adsorption – desorption isotherms showed a large hysteresis loop above the relative 
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pressure of 0.4. These types of isotherm characteristic curves belong to type VI, which 

indicate the presence of mesoporosity due to the capillary condensation in the open 

mesoporous channels (Kim et al., 2009; Cho et al., 2012). The BET surface areas for ZrFe2O5 

and TiO2 were 97.13 and 152.39 m2/g, respective, while the pore volumes of ZrFe2O5 and 

TiO2 were 0.2808 and 0.3465 cm3/g, respectively. 

 

 

(A) ZrFe2O5 

 

(B) TiO2 

 

Figure 9.6: Results of BET surface area analysis. N2 adsorption–desorption isotherms of catalysts and 

the corresponding BJH pore size distribution curves (inset). (A) ZrFe2O5 and (B) TiO2 

 

9.3.6 Thermogravimetric analysis (TGA) 

 In order to determine the thermal characteristics of ZrFe2O5 and TiO2, TG/DTG 

analysis was performed using thermo–gravimetric analyzer (TG 209 F1 Libra, NETZSCH) 

under N2 environment with a flow rate of 40 mL/min. The analyses were conducted using 

heating rates of 10oC/min and the temperature range from 30oC to 900oC. The thermo–

gravimetric analysis results of ZrFe2O5 calcined at 800oC and TiO2 calcined at 500oC are 

shown in Fig. 9.7. The TGA results showed two stages of weight loss. The major weight loss 

of 2.20% and 0.41% for TiO2 and ZrFe2O5, respectively, was observed from room 

temperature to 150oC, which corresponds to dehydration of physically adsorbed water. The 
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second and minor weight loss of 1.8% and 0.04% for TiO2 and ZrFe2O5, respectively, was 

observed in the range of 150o–900oC. This could be attributed to the decomposition of 

residual contaminants from the reaction mixture present in the solid products after synthesis. 

 

 
(A) ZrFe2O5 

 
(B) TiO2 

 

Figure 9.7: Thermo–gravimetric analysis (TGA) results of (A) ZrFe2O5 and (B) TiO2. 

 

9.4 DYE DECOLORIZATION: RESULTS AND DISCUSSION 

9.4.1 Dye adsorption 

 The results of dye adsorption on ZrFe2O5 and TiO2 catalyst particles are given in Fig. 

9.8. As stated earlier, the BET surface area analysis revealed much higher surface area for 

TiO2 than ZrFe2O5. The adsorption of MB dye on both catalysts was ~5.5%, while the 

adsorption percentage of ARB dye was 6.6 and 19.4% on TiO2 and ZrFe2O5, respectively. An 

explanation for higher adsorption of ARB on ZrFe2O5 could be given in terms of presence of 

2 3α Fe O  phase on as–synthesized ZrFe2O5. This phase helps produce cationic sites around 

the particles of ZrFe2O5 after addition to water. ARB being an acidic dye, it always has the 

tendency for ionic bonding with the cationic sites of the particles. The attraction of anionic 

dye molecule to a cationic site on the ZrFe2O5 essentially results in higher extent of 

adsorption of ARB. In view of large adsorption of ARB dye, ZrFe2O5 particles were added to 
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dye solution just before the treatment so as to reduce the artifacts due to dye adsorption. 

 

 

 

Figure 9.8: Adsorption study of ARB and MB dyes onto ZrFe2O5 and TiO2 powders 

 

9.4.2 Decolorization experiments 

 The summary of the experimental results of dye decolorization is given in Table 9.1 

(for the ARB dye) and Table 9.2 (for the MB dye). The time trends of dye decolorization in 

different experimental categories employing either individual or hybrid AOP are shown in 

Figs. 9.9 & 9.10 for ARB and MB dye, respectively. The TOC removal in experiments 

employing with both ARB and MB dye is shown in Fig. 9.11 (individual as well as hybrid 

AOPs). Tables 9.1 & 9.2 also depict the pseudo 1st order kinetic constant fitted to the 

decolorization data. It should be noted, however, that the decolorization is non–uniform in 

time. Hence, the kinetic constant has been determined on the basis of decolorization obtained 

in first 30 min of treatment (although the total treatment time was 60 min), during which 

almost of the total decolorization was obtained. The degradation of the dye with the two 

catalysts can have different mechanisms on the basis of the properties of the catalysts. For 

TH-1390_11610705



SONOCHEMICAL SYNTHESIS OF ZrFe2O5 AND ITS APPLICATION 

299 

TiO2, the possible mechanisms could be adsorption and photocatalysis. For ZrFe2O5, the 

possible mechanisms are adsorption, photocatalysis and Fenton reactions due to the presence 

of 2 3α Fe O  phase. The net decolorization obtained in any protocol is a manifestation of the 

above mechanisms that can occur simultaneously as shown in Scheme−I.  

 

 

 

Scheme I: Schematic depicting the decolorization/ degradation mechanisms with TiO2 and ZrFe2O5 

catalysts 

 

Some peculiar trends of decolorization could be identified from Tables 9.1 & 9.2 and Figs. 

9.9 & 9.10. Given below are these trends along with discussion of possible underlying 

mechanism. 

(1) Least decolorization for both dyes is seen for the AOP of sonolysis. In this case, the 

dye decolorization occurs through the •OH radicals generated by cavitation bubbles. Due to 

rather low concentration of the dye solution, the probability of interaction between dye 

molecules and radicals is low, which is essentially reflected in lower decolorization. 

Comparing among the two dyes, sonolysis yields higher decolorization for the azo ARB dye. 

We attribute this result to the chemical structure of the ARB dye, in which the azo group (-
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N=N- linking the azo dye), which is susceptible to •OH radicals attack. 

(2) ZrFe2O5 under Fenton treatment yields much higher decolorization for the ARB dye 

than MB dye. This result is a consequence of greater adsorption of the ARB dye on ZrFe2O5. 

Radicals generated through Fenton reaction of 2 3α Fe O  phase in ferrite have high 

probability of interaction with the adsorbed dye molecules. Being extremely unstable, these 

radicals do not diffuse into the medium. Hence, the extent of adsorption of dye onto the 

catalyst surface is also a crucial mechanism in overall decolorization. Consequently, higher 

decolorization was seen for the ARB dye that has higher extent of adsorption. 

(3) Under the individual AOP of photocatalysis, TiO2 yields higher decolorization for 

both dyes than ZrFe2O5. This is an anomaly as the band gap for ZrFe2O5 is much lower than 

TiO2, as revealed in the DRS analysis, and hence, the photoactivity of ZrFe2O5 is expected to 

be higher. We explain this anomaly as follows on the basis of a similar study by Xia and Yin 

on photocatalytic activity of core−shell structured 
2 3α Fe O −TiO2 nanocomposites (Xia et 

al., 2013): Under the UV light irradiation, electron–hole pairs are produced in the conduction 

and valence bands of ZrFe2O5 and as a result, a heterojunction is formed between ZrFe2O5 

and 2 3α Fe O . The 2 3α Fe O  present in the ZrFe2O5 powders could act as a recombination 

center of the photogenerated electrons and holes. Also, 2 3α Fe O  present in ZrFe2O5 may 

absorb most of the electromagnetic irradiation and promote favorable conditions for the 

presence of hole–electron recombination centers, so that ZrFe2O5 catalyst exhibits lower 

photocatalytic activity even after having the lower band gap energy than the TiO2. 

 It should be noted that photo–chemically generated radicals are utilized mainly for the 

decolorization of adsorbed dye molecules. Thus, the extent of dye adsorption on catalyst 

surface also contributes to overall mechanism of decolorization. Although ZrFe2O5 is a 

stronger adsorbent than TiO2, the net decolorization with ZrFe2O5 is lower as a consequence 

of its inferior photocatalytic activity. 
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Table 9.1: Summary of experimental results on decolorization/ degradation of Acid red B (ARB) 

 

Experimental Category Decolorization of ARB (η %) 
1. Sonolysis (US) 13.74 ± 2.23 k = 3.94 × 10–5 

 TiO2 ZrFe2O5 (ZrFe2O5 + H2O2) 

 60 min k (s–1) 60 min k (s–1) 60 min k (s–1) 

2. Fenton (MS) – – – – 60.19 ± 4.16 3.12 × 10–4

3. Photocatalysis (MS + UVA) 55.38 ± 2.47 2.28 × 10–4 32.80 ± 1.91 1.58 × 10–4 – – 

4. US + Sat. 34.83 ± 0.99 1.34 × 10–4 51.86 ± 1.35 2.28 × 10–4 67.57 ± 0.48 6.14 × 10–4

5. US + Unsat. 37.52 ± 1.23 1.59 × 10–4 46.53 ± 1.66 1.56 × 10–4 70.46 ± 0.67 4.25 × 10–4

6. US + UVA + Sat. 80.58 ± 0.69 4.80 × 10–4 59.10 ± 1.70 3.36 × 10–4 90.54 ± 2.28 1.40 × 10–3

7. US + UVA + Unsat. 78.15 ± 0.94 4.01 × 10–4 53.73 ± 1.68 2.27 × 10–4 82.07 ± 0.59 5.46 × 10–4

Note: US – ultrasound assisted, MS – assisted with mechanical stirring, η – decolorization efficiency (%), k – pseudo 1st order 
kinetic constant (sec–1) calculated on the basis of initial 30 min of decolorization reaction data. 
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Table 9.2: Summary of experimental results on decolorization/ degradation of Methylene Blue (MB) 

 

Experimental Category Decolorization of MB (η %) 
1. Sonolysis (US) 8.35 ± 1.24 k = 2.39 × 10–5 

 TiO2 ZrFe2O5 (ZrFe2O5 + H2O2) 

 60 min k (s–1) 60 min k (s–1) 60 min k (s–1) 

2. Fenton (MS) – – – – 40.76 ± 2.01 4.73 × 10–4

3. Photocatalysis (MS + UVA) 34.07 ± 3.44 1.98 × 10–4 31.30 ± 3.61 2.77 × 10–4 – – 

4. US + Sat. 32.12 ± 2.83 2.16 × 10–4 50.34 ± 1.35 4.65 × 10–4 53.19 ± 1.51 5.35 × 10–4

5. US + Unsat. 32.49 ± 2.82 1.16 × 10–4 51.11 ± 1.16 4.68 × 10–4 51.69 ± 2.95 7.18 × 10–4

6. US + UVA + Sat. 60.96 ± 2.14 2.31 × 10–4 57.78 ± 1.08 6.03 × 10–4 87.62 ± 1.21 6.75 × 10–4

7. US + UVA + Unsat. 49.45 ± 2.79 1.85 × 10–4 49.30 ± 1.50 6.02 × 10–4 62.17 ± 2.52 5.88 × 10–4

Note: US – ultrasound assisted, MS – assisted with mechanical stirring, η – decolorization efficiency (%), k – pseudo 1st order 
kinetic constant (sec–1) calculated on the basis of initial 30 min of decolorization reaction data 
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(A) 

 

(B) 

 

(C) 

 

Figure 9.9: Time history of decolorization of ARB with various operating conditions: (A) 

Individual AOPs, (B) Hybrid AOPs (sonocatalysis and sono–Fenton), and (C) Hybrid AOPs 

(sono–photocatalysis and sono–photo–Fenton process). Note: US – ultrasound, MS – 

mechanical stirring, ZrF – zirconium ferrite. 
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(A) 

 

(B) 

 

(C) 

 

Figure 9.10: Time history of decolorization of MB with various operating conditions: (A) 

Individual AOPs, (B) Hybrid AOP (sonocatalysis and sono–Fenton), and (C) Hybrid AOPs 

(sono–photocatalysis and sono–photo–Fenton process). Note: US – ultrasound, MS – 

mechanical stirring, ZrF – zirconium ferrite. 
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(4) The saturation level of the medium has no effect on dye decolorization for both dyes 

under the protocol of sonocatalysis, as almost similar decolorization has been obtained for 

both dyes, with saturated as well as unsaturated medium. 

(5) Under the protocol of sonocatalysis (in which the catalyst is added to the dye solution 

but no external UV source is provided), an interesting manifestation of Fenton active 

2 3α Fe O  phase of ZrFe2O5 is seen. In this case, the role of catalyst is merely that of an 

adsorbent that creates higher local concentration of dye on its surface. Although the 

adsorption of MB dye on both TiO2 & ZrFe2O5 is similar, higher decolorization is seen for 

ZrFe2O5. We attribute this result to Fenton – reactions occurring in the solution due to the 

H2O2 generated in–situ by the recombination of •OH radicals generated from transient 

cavitation. A similar trend is also seen for the ARB dye, however, contribution of higher 

adsorption of the ARB dye to higher extent of decolorization cannot be ruled out. Addition of 

external H2O2 to the medium further enhances the Fenton reactions and extent of dye 

decolorization. We would like to point out that there are many possible routes through which 

H2O2 can degrade the dyes. One mechanism is evaporation of H2O2 in cavitation bubbles and 

decomposition of this H2O2 to produce higher •OH radicals during transient collapse of 

bubbles, which can degrade the dye. Alternately, H2O2 itself is an oxidant which can degrade 

the dyes. However, results of our previous study have clearly distinguished the relative 

contributions of these mechanisms in comparison to the Fenton–mechanism [50] (Chakma 

and Moholkar, 2013). Our previous results confirm that contribution of first two mechanisms 

is relatively trivial and the oxidation of the textile dye in presence of H2O2 is predominantly 

affected through the Fenton mechanism. Therefore, rise in extent of decolorization of dyes 

with addition of H2O2 is attributed to Fenton type reactions induced by the 2 3α Fe O  (or 

hematite phase) of the ferrite catalyst. 

 The contribution of adsorption in overall decolorization is more pronounced in this 
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protocol. Significantly higher decolorization with external addition of H2O2 is seen for the 

ARB dye than MB dye. Due to higher adsorption, the probability of interaction of the ARB 

dye molecules with the •OH radicals generated through heterogeneous Fenton reaction is 

higher, which essentially results in greater decolorization. 

(6) Under the protocol of sono–photocatalysis, where an external UV source is employed, 

marked enhancement in decolorization is seen. TiO2 yields high decolorization (~80%) for 

ARB, while relatively lesser decolorization is seen for MB. The decolorization for the 

ZrFe2O5 catalyst is relatively lesser as a result of reduced photoactivity due to presence of 

2 3α Fe O  phase. However, with addition of H2O2 initiates the Fenton activity of the 

2 3α Fe O  phase of the catalyst to give the hybrid AOP of sono–photo–Fenton, and the extent 

of decolorization shows marked rise. 

 In the protocols of sono–photocatalysis and sono–photo–Fenton, the negative effect of 

unsaturation of the medium is evident. For both dyes, the decolorization reduces by ~10–15% 

with unsaturation. We attribute this result to intensification of the transient cavitation with 

unsaturation of the medium (Moholkar and Warmoeskerken, 2004). As a result, the intensity 

of the shock waves generated by bubbles also increases these shock waves are responsible for 

desorption of the dye molecules from the surface of ZrFe2O5 (Chakma and Moholkar, 2015). 

This phenomenon reduces the probability of interaction of dye molecules with •OH radicals 

generated either through heterogeneous Fenton reaction between H2O2 and 2 3α Fe O  phase 

of ZrFe2O5 or through the photocatalysis. 

 The reduction in total organic carbon (TOC) of the reaction solution with individual 

as well as hybrid AOPs employed in this study is depicted in Fig. 9.11. The typical trends in 

TOC removal are essentially same as that for the decolorization. Among the individual 

AOPs, highest TOC removal is seen for sono–Fenton (ZrFe2O5 + H2O2), while among the 

hybrid AOPs, highest TOC removal is seen for sono–photo–Fenton with ZrFe2O5. If we 
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compare the performance of two catalysts for TOC removal in individual and hybrid AOPs, 

we find that TiO2 gives better performance in AOPs where external UV source was used 

(sono–photocatalysis). ZrFe2O5, on the other hand, gives better performance in protocols 

where H2O2 was added to the medium (viz. sono–Fenton or sono–photo–Fenton). The former 

result is a consequence of higher photo–activity of TiO2 (which overwhelms the moderate 

adsorption capacity), while the latter result is a consequence of utilization both photo as well 

as Fenton activity of the ZrFe2O5 catalyst. 

 

 
(A) 

 
(B) 

 
(C) 

 

Figure 9.11: Total organic carbon (TOC) removal after 60 min of treatment of ARB and MB dyes 

with various operating conditions: (A) Individual AOPs, (B) Hybrid AOPs (sonocatalysis and sono–

Fenton), and (C) Hybrid AOPs (sono–photocatalysis and sono–photo–Fenton process). Note: US – 

ultrasound, MS – mechanical stirring, ZrF – zirconium ferrite. 
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9.4.3 Effect of UV source for mineralization 

 In order to assess the effect of UV light sources, we have conducted experiments 

under with either UVA or combined with UVA + UVC light. Fig. 9.12 shows the result of 

this study. Comparison of the decolorization results with single UV source of UVA and 

combined source UVA+UVC revealed that extent of dye decolorization does not change 

appreciably with application of UVC source in addition of UVA. However, the extent of 

TOC removal shows marked enhancement with simultaneous application of UVC with UVA 

(~ 40% enhancement for ARB dye and ~ 65% enhancement for MB dye). This essentially 

means that UVC photo emission (with peak emission at 254 nm which assists photolysis of 

H2O2 to generate •OH radicals) mainly contributes to further degradation of the 

intermediates/ byproducts of dye degradation, which results in higher mineralization of the 

organic carbon. 

 

 
(A) 

 
(B) 

 

Figure 9.12: (A) Time history of decolorization under hybrid AOP (sono–photo–Fenton reaction) 

assisted with different UV light sources. (B) Effect of UV irradiation sources for TOC removal with 

hybrid AOP (sono–photo–Fenton reaction).  

 

9.4.4 Synergy effect 

 As noted earlier, for any particular protocol, several mechanisms occur 
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simultaneously which contribute to the overall decolorization. The positive/ negative 

synergies between these mechanisms result in enhanced/ reduced decolorization in any 

hybrid AOP. Fig. 9.13 depicts the synergies in the hybrid AOPs. In this section, we have 

attempted to determine the synergy between these mechanisms. The synergy effect in hybrid 

advanced oxidation processes (HAOPs) has been calculated with following formula: 

 

 F

Decolorization with Decolorization with Decolorization due to
   + 

Hybrid AOP individual AOP Adsorption
Synergy Factor (S ) = 

Decolorization with individual AOP  + Decolorization due

      
      

      
  to Adsorption  

 

 

 
(A) 

 
(B) 

 

Figure 9.13: Synergism of hybrid AOPs: (A) synergistic effect for decolorization of ARB (azo dye), 

and (B) synergistic effect for decolorization of MB (non−azo dye). Note: While calculation of the 

synergies, the extent of adsorption of the dye onto the photocatalyst (after total reaction time of the 

advanced oxidation treatment) has been accounted. 

 

 The highest synergies are seen for both catalysts and both dyes in the hybrid AOP of 

sonocatalysis. As noted earlier, in sonocatalysis protocols, the catalyst mainly acts as an 

adsorbent that creates high localized concentration of dye molecules, which essentially 

increases the probability of interaction between dye molecules and •OH radicals generated 

through transient cavitation bubbles. Small negative synergies are seen for ZrFe2O5 catalyst 
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in protocol of sono–photocatalysis and sono–photo–Fenton. In both of these protocols, the 

•OH radicals generated at the surface of catalyst either photo–chemically or through 

heterogeneous Fenton reaction (of 2 3α Fe O  phase) interaction with dye molecules adsorbed 

on the catalyst surface. The acoustic waves generated by transient cavitation cause desorption 

of the dye molecules which hampers their interaction probability with radicals. This 

phenomenon renders negative synergy between individual mechanism of sonolysis, 

photocatalysis and Fenton reactions. 

 

9.5 CONCLUSION 

 In this chapter, we have reported sonochemical synthesis and characterization of 

zirconium ferrite (ZrFe2O5), which has potential application as catalyst in AOPs. The efficacy 

of ZrFe2O5 in degradation of the recalcitrant organic pollutants has been assessed with 

decolorization/ degradation of azo and non–azo textile dyes as yardstick using various 

individual and hybrid AOPs. The characterization of ZrFe2O5 reveals that it has lower band 

gap than conventional photocatalyst TiO2. However, it also possesses 2 3α Fe O  (hematite) 

phase. This phase has adverse effect on the photo−activity of the ZrFe2O5 due to which the 

effective photo−activity of ZrFe2O5 reduces despite the lower band gap energy. However, in 

the context of degradation of recalcitrant pollutants, this adverse effect is compensated by the 

Fenton activity of 2 3α Fe O  (hematite) phase. Moreover, sonochemically synthesized 

ZrFe2O5 also has high adsorption capacity that promotes the Fenton– and photo–activity. As a 

result of these facets, ZrFe2O5 is revealed to be a better catalyst for hybrid AOPs than TiO2. 

Experimental results of dye decolorization have revealed that Fenton–activity of ZrFe2O5 has 

higher contribution to decolorization than photo–activity. The most efficient protocol for dye 

decolorization is revealed to be sono–photo–Fenton, in which both photo– and Fenton– 

activities of ZrFe2O5 are utilized. The analysis of decolorization experiments has also 
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provided interesting mechanistic insight into interactions between different competing 

mechanisms of hybrid AOPs, which could be useful for further research in hybrid advanced 

oxidation processes. 
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OVERVIEW AND  
SCOPE FOR FUTURE WORK 

 

 

 

 

 This thesis has addressed an important and fundamental issue in degradation of 

recalcitrant organic pollutants using hybrid advanced oxidation processes – i.e. establishment 

of the physical mechanism of such processes and finding the mechanistic interlinks and 

synergy between individual AOPs involved in the process. Using sonolysis as the base AOP, 

numerous other AOPs have been coupled to it. The degradation as well as mineralization of 

various recalcitrant organic pollutants appearing in wastewater discharge from various 

process industries has been analyzed. The pollutants, whose degradation behavior under 

hybrid AOP has been studied, include azo and non–azo textile dyes, plastic intermediates 

such as BPA and pharmaceutical drugs such as ibuprofen. In all studies, the methodology of 

concurrent analysis of experimental results with results of simulations of cavitation bubble 

dynamics has been adopted. A total of seven sono-hybrid AOPs have been studied, viz. (1) 

sono-Fenton & sono-photo-Fenton, (2) sono-ferrioxalate, (3) sono-photolysis, (4) sono-

persulfate, (5) sono-enzymatic, (6) sono-photocatalysis with doped ZnO, and (7) sono-

photocatalysis (using Zr-ferrite with heterogeneous Fenton activity). The synergy between 

the individual AOPs involved in the hybrid AOPs was defined either on the basis of the total 

decolorization obtained with hybrid AOP, in comparison with the individual AOP or in terms 
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of the ratio of pseudo 1st order kinetic constants of degradation for individual and hybrid 

AOP. Given below is a summary the major results/conclusions of all studies included in this 

thesis work. 

Sono-Fenton: H2O2 added to the medium as one of the Fenton reagent scavenges the •OH 

radicals produced by cavitation bubbles, which nullifies their effect, giving a negative 

synergy between sonolysis and Fenton process. Mere addition of H2O2 to the medium during 

sonolysis does not give much enhancement to decolorization, which is attributed to lower 

vapor pressure of H2O2 due to which it does not evaporate and dissociate inside the bubble (to 

generate additional •OH radicals). Fenton reagent (Fe2+ + H2O2), on the other hand, gives 

volumetrically more uniform production of •OH radicals in the solution, and hence, has a 

dominating contribution to decolorization in the hybrid process. The role of ultrasound and 

cavitation in the hybrid sono–Fenton process is simply physical, i.e. causing intense mixing 

in the medium. Radical conservation due to dissolved oxygen is also revealed to play a major 

role in effective utilization of •OH radicals for decolorization. 

Sono-Photo-Fenton: This process used combinations of sonolysis, Fenton process and UV 

irradiation. The categories for which positive synergies between the individual AOPs are 

obtained are: (1) sonolysis alone and sonolysis+Fe2+, (2) sonolysis & sono–Fenton, (3) 

Fenton & sono–Fenton. The static pressure on the reaction mixture (which influences the 

transient behavior of the cavitation bubble dynamics) in sono–Fenton process did not show 

any influence on the extent of degradation. Variation in degradation with de-aeration of the 

medium (or variation in dissolved oxygen content of the medium) was also negligible. The 

categories with no synergy were: Fenton and Fenton+UV. The categories with negative 

synergy were: Fenton process and sono–Fenton+UV. The role of ultrasound and cavitation in 

the hybrid AOP is more or less physical nature with oxidizing radicals generated through 

Fenton process contributing mostly to BPA degradation.  
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Sono-Photo-Ferrioxalate: This study made an attempt to gain insight into physical 

mechanism of binary and ternary hybrid AOPs with combination of sonolysis, Fenton–like 

system and photo–ferrioxalate system. The decolorization profiles of the two model dyes, viz. 

Acid Red B (azo dye) and Methylene Blue (no–azo dye), essentially reveal same trends in all 

experimental categories. This result points at similarities in the physical mechanism of 

decolorization/ degradation of the two dyes despite significant dissimilarity in the chemical 

structure. Among the individual AOPs, sonolysis is revealed to have least decolorization 

efficiency, which is attributed to highly sporadic nature of transient cavitation events and low 

probability of interception of the radicals generated from transient cavitation with dye 

molecules. Even for an unsaturated medium, in which the cavitation bubble undergoes more 

intense collapse, contribution of sonolysis to decolorization is interior compared to other two 

systems. The contribution of ultrasound and cavitation in hybrid AOP is, thus, mostly of 

physical nature. Coupling of sonolysis with either Fenton – like system or photo–ferrioxalate 

system resulted in enhanced decolorization due to positive energy. However, coupling of all 

three AOPs resulted in negative synergy due to interaction of the chemical mechanisms of 

Fenton–like and photo–ferrioxalate system. Dissolved oxygen in the reaction system is also 

revealed to have a crucial role. For unsaturated reaction systems with depleted dissolved 

oxygen, the pathway of photo–ferrioxalate was further hindered resulting in reduced in 

decolorization efficiency. 

Sono-Photolysis: Mechanistic investigation of sono-photolysis using decolorization/ 

mineralization of the azo textile dye Acid Red B revealed following features: In sono-

photolysis, •OH radicals generated through photolytic dissociation of H2O2 contribute mostly 

to the decolorization reactions. Role of ultrasound and cavitation in the hybrid AOP is rather 

subordinate. The total decolorization obtained with photolysis shows negligible change with 

simultaneous application of ultrasound. However, ultrasound causes enhancement in the 
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kinetics of decolorization as well as extent of mineralization, as compared to photolysis. 

Intermediates of dye degradation generated through photolysis possibly undergo 

mineralization via either thermal decomposition at the interfacial region of transient 

cavitation bubbles or hydroxylation/oxidation induced by radicals produced from transient 

collapse of cavitation bubbles. The physical effect of intense and random micro-convection 

induced by transient cavitation has adverse effect on the decolorization reactions induced by 

photolysis. Both kinetics of decolorization and extent of TOC removal (or mineralization) in 

sono-photolysis can be enhanced by addition of salt to the reaction medium. Increase in ionic 

strength of the reaction mixture with salt addition increases the hydrophobic interactions 

between dye molecules (and also degradation intermediates) and water that results in greater 

partitioning of these species at the bubble interface, where they undergo further degradation 

either through hydroxylation/ oxidation or thermal decomposition. 

Sono-Persulfate treatment: This study explored the physical mechanism of persulfate-based 

decolorization of azo dyes using different activators for generation of sulfate radicals. Three 

techniques, viz. transition metal ion (Fe2+ ions), sonolysis and UV-C light, were applied, 

either individually or in binary or ternary combinations, for activation of persulfate ions. UV-

C is revealed to be the most efficient technique for activation. Among the other two 

techniques, viz. sonolysis and Fe2+ ions, the former is found to have almost independent 

mechanism (thermal decomposition of persulfate in bubble-bulk interfacial region) than UV-

C. Thus, decolorization as well as mineralization obtained with simultaneous application of 

sonolysis and UV-C is almost addition of individual effects. Fe2+ ions have been revealed to 

have adverse impact on the UV-C based activation, due to scavenging of 4SO  radicals. 

Among all techniques (single/binary/ternary) attempted for activation of persulfate and 

decolorization, the binary technique of (US + PS + UVC) is found to yield maximum 

decolorization as well as mineralization. 
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Sono-Enzymatic treatment: This study explored the physical mechanism of hybrid 

technique of sono–enzymatic treatment for degradation of inflammatory drug ibuprofen using 

Arrhenius and thermodynamic analysis of the experimental data. This technique has been 

found to be an effective tool for degradation as well as mineralization of the IBP. At low 

ultrasound frequency and atmospheric static pressure, sono-enzymatic treatment is revealed 

to be more effective than the individual techniques of sonolysis and enzyme treatment. The 

positive synergy between sonolysis and enzyme treatment is a consequence of formation of 

hydrophilic intermediates due to hydroxylation induced by radicals generated by transient 

cavitation. These intermediates are rapidly degraded by the enzyme action through 

decarboxylation. The activation energy of sono–enzymatic treatment is lesser than enzyme 

treatment (due to spontaneity of reactions induced by radicals produced by transient 

cavitation), while the frequency factor of sono–enzymatic treatment is greater than sonolysis 

(due to volumetrically uniform enzymatic reactions). 

Sono-Photocatalysis (with doped ZnO catalyst): This study investigated the mechanistic 

issues of the hybrid AOPs of sonocatalysis and sonophotocatalysis. Three photocatalysts, viz. 

pure ZnO and Fe–doped ZnO (synthesized with two protocols) were used. Decolorization of 

two textile dyes (azo and non–azo) was used as model reaction. Characterization of doped 

ZnO catalyst indicated that Fe–doping increased the absorption band width in visible region, 

in addition to reducing the hole–electron recombination, due to which •OH radical generation 

potential of the catalyst increases. However, experiments in 6 different protocols that alter the 

characteristics of ultrasound and cavitation events in the medium have clearly revealed a 

negative synergy between individual AOPs of sonolysis and photocatalysis. A major cause 

leading to this effect are the shock waves generated by cavitation bubbles, which desorbs the 

dye molecules adsorbed on the surface of photocatalyst, thus reducing the probability of 

radical–dye molecule interaction. The sonoluminescence light emitted during transient 
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cavitation is also unable to activate the photocatalyst, in absence of an external UV source. 

These results have been found to be almost consistent for all three photocatalysts and for both 

dyes. The Fe–doping of ZnO could increase the extent of decolorization with respect to pure 

ZnO, but the synergy between two AOPs remains unaltered in the hybrid AOPs employing 

all three catalysts. 

Sono-(heterogeneous) Fenton-Photocatalysis (using Zr-Ferrite): This study reported 

sonochemical synthesis and characterization of zirconium ferrite (ZrFe2O5), which has 

potential application as catalyst in AOPs. The characterization of ZrFe2O5 reveals that it has 

lower band gap than conventional photocatalyst TiO2. However, it also possesses 2 3α Fe O  

(hematite) phase. This phase has adverse effect on the photo−activity of the ZrFe2O5 due to 

which the effective photo−activity of ZrFe2O5 reduces despite the lower band gap energy. 

However, in the context of degradation of recalcitrant pollutants, this adverse effect is 

compensated by the Fenton activity of 2 3α Fe O  (hematite) phase. Moreover, 

sonochemically synthesized ZrFe2O5 also has high adsorption capacity that promotes the 

Fenton– and photo–activity. As a result of these facets, ZrFe2O5 is revealed to be a better 

catalyst for hybrid AOPs than TiO2. Experimental results of dye decolorization have revealed 

that Fenton–activity of ZrFe2O5 has higher contribution to decolorization than photo–activity. 

The most efficient protocol for dye decolorization is revealed to be sono–photo–Fenton, in 

which both photo– and Fenton– activities of ZrFe2O5 are utilized.  

 

10.1 OVERVIEW 

 An overview of results of all studies reveals interesting physical facets of sono–hybrid 

advanced oxidation processes as discussed below: 

 For all sono–hybrid processes, major contribution of ultrasound and cavitation seems 

to be physical. The chemical effect of cavitation, i.e. production of oxidizing radicals, does 
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not make significant contribution. As stated earlier, the main cause leading to the effect is 

sporadic nature of cavitation events in time as well as in space, due to which the net 

utilization of •OH radicals generated during cavitation for pollutant degradation is severely 

hampered. Thus, in all hybrid AOPs, the chemical contribution of the coupling AOP 

overwhelms that of sonolysis. It is for this reason that elimination of transient cavitation with 

application elevated static pressure does not make marked change in extent of decolorization/ 

degradation. Also, no significant variation in degradation is observed with dissolved oxygen 

content of the medium. In some cases, the adverse interaction between chemical effects of the 

AOPs should be taken into account. A vivid example of this is scavenging of radicals 

generated during sonolysis by H2O2 added as Fenton reagent. As far as positive synergy (or 

constructive or complementing interactions) is concerned, conservation of radicals is revealed 

to be an important mechanism. An example of this is regeneration of •OH radicals by Fe2+ 

added to sonolysis system (though Fenton reaction) from H2O2 produced in–situ by 

recombination of •OH radicals produced during transient cavitation. 

 The physical effects of cavitation are also revealed to have adverse impact on 

coupling AOP, and this effect is more pronounced in heterogeneous system such as 

sonocatalysis and sono–photocatalysis. Shock waves generated by transient cavitation, which 

cause desorption of pollutants from catalyst, reduce the influence of coupling AOP. 

Therefore, even the positive synergy due to physical effect of micro–mixing or micro–

turbulence is concerned, the physical effect of ultrasound (micro–streaming) is found to have 

more constructive contribution towards hybrid AOP. The shock waves (or acoustic wave) 

component of micro–convection is a discrete and high energy phenomena and has adverse 

impact as far as degradation of pollutant is concerned. However, in many catalytic reactions, 

the shock waves render beneficial effect on the system, in that they contribute towards 

cleaning of surface of catalyst, prevention of catalyst poisoning and de–agglomeration of 
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catalyst particles that gives higher utilization of surface area and active sites. For 

homogeneous system, the micro-convection and micro-mixing generated by ultrasound an 

cavitation makes modest contribution. In some cases like decolorization/ degradation of the 

azo dye with sono-photolysis, random movement of dye molecules in the reaction mixture 

induced by shock waves emitted by the transient cavitation bubbles reduce the probability of 

interactions between dye molecules and the oxidizing radicals. The intermediates of the 

decolorization, however, can undergo further degradation either through thermal 

decomposition or hydroxylation at the interface of transient cavitation bubble. Similar 

arguments also hold true for the sono-persulfate oxidation process, in which activation of 

persulfate anion can occur in the interfacial region of the cavitation bubble. 

 On a whole, the results of all studies on several sono-hybrid AOPs have revealed that 

the positive synergy between the mechanisms of sonolysis and the coupling AOP is not 

always possible in a sono-hybrid AOP. Another marked observation in these studies is that 

despite significantly different chemical structure of the model pollutants used in study of 

different hybrid AOPs, the physical mechanism of the hybrid AOP (or mechanistic interlinks 

between individual AOPs) has been astonishingly similar. This essentially means that the 

physical mechanism of the sono-hybrid AOP is not influenced by the chemical pathway of 

degradation/ mineralization of the pollutant. This result also means that the nature of synergy 

(either positive or negative) among individual AOPs is independent of the chemical nature of 

pollutant. The crucial factor of mechanistic interaction between AOPs, resulting in either 

positive or negative synergy, needs to be accounted for in design and optimization of 

wastewater treatment processes using sono–hybrid techniques. We believe that the results 

presented in this thesis can form useful guidelines for such an endeavor. 

The work presented in this thesis can be advanced through several approaches. Some 

suggestions for future work in the area of hybrid AOPs are given below. 
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10.2 SUGGESTIONS FOR FUTURE WORK 

The work presented in this thesis can be advanced in several ways: 

(1) All of the work carried out in this thesis is on laboratory scale. It would be worthwhile 

to apply the results of the lab–scale studies to large scale process.  

(2) The ultrasound equipment used in this work has constant frequency and power input. 

For greater efficiency of the process, these parameters could be optimized using suitable 

instruments. 

(3) The degradation process in this work has been mainly monitored through residual 

concentrations of original pollutant in the samples withdrawn from reaction mixture. The 

intermediates of degradation have been determined only at the end of the process. For deeper 

insight into the chemistry of degradation under different experimental conditions that alter the 

characteristics of the ultrasound and cavitation phenomena in the reaction mixture, it is 

essential that the time profiles of the degradation intermediates are also monitored throughout 

the treatment of reaction mixture. 

(4) All intermediates formed during the degradation reaction have to be identified and 

analyzed individually for toxicity test in comparison with the parent compound. 

(5) The photocatalysis process for degradation of recalcitrant pollutants can also be 

conducted with other metal ferrites possessing photo– and Fenton– activity. 

(6) This thesis addressed only the Fe3+–doped photocatalyst for degradation of organic 

pollutants using sonocatalysis and sono–photocatalysis advanced oxidation processes. The 

sono–hybrid degradation process can also be extended with rare earth metal doped 

photocatalyst. 
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Chapter 6 

Analysis of ARB degradation intermediates: The intermediates of ARB degradation were 

analyzed using a liquid chromatography mass spectrophotometer (Waters Q–Tof Premier & 

Aquity UPLC). The mass spectra of the aliquots of reaction mixtures drawn after 10 min of 

treatment are given in Fig. 1. The comparative analysis of this spectra vis–à–vis the spectra 

reported in published literature helps to identify some of the degradation intermediates of 

ARB dye (Gao et al., 2012; Xia et al., 2014; Thiam et al., 2015). Table 2 listed the 

degradation intermediates identified in the present study with chemical structures and 

molecular weights. On the basis identified intermediates, we have proposed the ARB dye 

degradation mechanism as shown in Schemes 1 & 2. 

 

 

(A) US alone 
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(B) MS + PS + UVC 

 

 

(C) US + PS + UVC 

 

Figure 1: Mass spectrum (m/z in ES+ mode) of the reaction mixture after 10 min of treatment with 

(A) US alone, (B) (MS+PS+UVC), and (C) (US+PS+UVC). 
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Table 1: Intermediates of ARB degradation in individual and hybrid AOPs 
 

Intermediates ES Positive Mol. Wt. 

(M) 

Chemical 

Structure 

Ref. in 

schemes 

2–propionylbenzoic acid 179.15 178.18 a,c 

COOH

O  

D1 

2–hydroxynaphthalene–

1,4(4aH,8aH)–dione 
177.14 176.17 c 

O

O

OH

 

D2 

Benzene–1,2–dicarboxylic acid 

(OR) Phthalic acid 
167.15 166.13 a,b,c 

OH

OH

O

O

 

D3 

1,4–dinaphthol (OR) 

Naphthalene–1,4–diol 

161.16 

161.15 
160.17 a,b 

OH

OH  

D4 

1,4–Naphthoquinone (OR) 

Naphthalene–1,4–dione 
159.00 158.15 c 

O

O  

D5 

2,3–dihydroxybenzoic acid 155.07 154.12 a,c 

COOH

OH

OH  

D6 

Phthalic anhydride (OR) 

Isobenzofuran–1,3–dione (OR) 

2–benzofuran–1,3–dione 

149.08 

149.09 
148.12 a,b,c O

O

O

 

D7 

1–Naphthol 
145.09 

146.14 
144.17 a, c 

OH

 
D8 

2–hydroxybenzoicacid 139.12 138.12 a 
O

HO

HO

 
D9 

Benzoic acid 
123.13 

123.14 
122.12 a,b,c 

O

HO

 
D10 
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Table 1: (Continued…) 
 

Intermediates ES Positive Mol. Wt. 

(M) 

Chemical 

Structure 

Ref. in 

schemes

2–methylmalonic acid 119.11 118.09 a,c C
H

COOH

CH3

HOOC

 
D11 

Maleic acid 117.07 116.07 c O

HOOH

O

 
D12 

Benzene–1,4–diol (OR) 

Hydroquinone 
111.07 110.11 a,b,c 

HO OH

 
D13 

Malonic acid 105.08 104.06 a 
O

HO

O

OH  
D14 

2–methyl butyric acid 103.18 102.13 c 

O

HO

 
D15 

Phenol 
95.12 

95.13 
94.11 a,b,c 

OH

 

D16 

Lactic acid 91.10 90.08 a,b,c 
OH

O

HO

 
D17 

Oxalic acid 91.02 90.03 a 
O

HO O

OH 
D18 

Intermediate detected in: a – US alone; b – [MS+PS+UVC]; c – [US+PS+UVC] 
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Scheme 1: Possible degradation pathways for ARB degradation in sonochemical treatment. 

D – intermediates detected by mass spectrophotometer (MS), S – tentative states 
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Scheme 2: Possible degradation pathways for ARB degradation in sono–hybrid persulfate 

treatment. D – intermediates detected in mass spectrophotometer (MS), S – tentative states 
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LIST OF ABBREVIATION USED IN THE THESIS 

CV,i – Heat capacity at constant volume, J kg–1 K–1 

cL – Velocity of sound in liquid medium, m s–1 

cW – Velocity of sound in water, m s–1 

cT – Velocity of sound in toluene, m s–1 

cH – Velocity of sound in n–hexane, m s–1 

Dw – Diffusion coefficient of solvent vapor, m2 s–1 

f – Frequency of ultrasound wave, Hz 

fi – Translational and rotational degrees of freedom 

h – van der Waal’s hard core radius, m 

Idiff,w – Instantaneous diffusive penetration depth for water molecules 

k – Boltzmann constant, J K–1 

NW – Number of water molecules trapped in the bubble 

NN2 – Number of N2 molecules in the bubble 

NO2 – Number of oxygen molecules in the bubble 

NT – Number of toluene molecules in the bubble 

NH – Number of n–hexane molecules in the bubble 

NAr – Number of Ar molecules in the bubble 

Ntot – Total number of molecules (gas + vapor) in the bubble 

Po – Static pressure in the liquid medium, Pa 

Pmax – Pressure peak reached in the bubble at the time of first collapse, Pa 

PAW – Pressure amplitude of the acoustic wave generated by the cavitation bubble, Pa 

Q – Heat conducted across bubble wall, J s–1 

R – Radius of the bubble, m 

Ro – Initial radius of the cavitation bubble, m 
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dR/dt – Bubble wall velocity, m s–1 

t – Time, s 

T – Temperature of the bubble contents, K 

To – Ambient (or bulk liquid medium) temperature, K 

Tmax – Temperature peak reached in the bubble at the time of first collapse, K 

Vturb – Average velocity of the micro–turbulence in the medium generated by ultrasound and 

cavitation in the medium (estimated at 1 mm distance from bubble center), m s–1 

ρL – Density of the liquid, kg m–3 

υ – Kinematic viscosity of liquid, m2 s–1 

σ – Surface tension of liquid, N m–1 

κ – Thermal conductivity of bubble contents, W m–1 K–1 

λ – Thermal diffusivity of bubble contents, m2 s–1 

θ –  Characteristic vibrational temperature(s) of the species, K 

η –  Degradation efficiency (%) 
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