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Abstract

Water pollution has been an environmental concern for many years, which have attracted
numerous researches for an effective wastewater treatment method to address the issue. Cavitation
based wastewater treatments is one of the emerging advanced oxidation processes (AOPSs), which
has recently drawn attention due to its effectiveness in pollutant removal. But, the effectiveness of
cavitational treatment in the elimination of persistent organic pollutants (POPs) is still at an early
stage, while considering the wide range of recalcitrant pollutants to be eliminated. Dicofol,
Decabromodiphenyl ether (BDE-209), Hexabromocyclododecane (HBCD),
perfluorooctanesulfonic acid (PFOS) and Perfluorooctanoic acid (PFOA) are listed or
recommended persistent organic pollutants (POPs) under Stockholm convention. For the past
several years, numerous reports indicated the detection of above-mentioned POPs in the
environmental matrix and hence their elimination via efficient methods is of priority, because of
their carcinogenic, endocrine disruptive, hepatotoxic and bioaccumulative nature. POPs are mostly
recalcitrant towards conventional treatment methods. Thus, the mineralization of pollutants,

treatment duration, energy efficiency etc. are some of the vital concerns to be addressed.

The research investigated the sonochemical based method for the removal of Dicofol, BDE-2009,
HBCD, PFOS and PFOA (PFOX), whereas hydrodynamic cavitation (HC) was implemented for
the removal of Dicofol. The effect of various parameters had been studied distinctively by
considering sonication power, HC inlet pressure, treatment duration, pH, reaction solution
temperature and initial pollutant concentration. The degradation products were monitored by gas

chromatography mass spectrometry (GC-MS), liquid chromatography mass spectroscopy (LC-



MS), high-performance liquid chromatography (HPLC) and liquid chromatography mass
spectroscopy (LC-MS) analysis. GC-MS analysis in selected ion monitoring mode (SIM) and
liquid chromatography tandem mass spectrometry (LC—-MS/MS) in multiple reaction-monitoring

mode (MRM), were performed for accurate monitoring of the concentration of parent compounds.

The sonochemical degradation of Dicofol, HBCD, BDE-209, PFOX (PFOS and PFOA) in aqueous
media has been investigated using a 20-kHz probe type sonicator with power inputs from 150 to
450 W, whereas the Hydrodynamic cavitation (HC) treatment of Dicofol has been investigated by
a liquid whistle reactor (LWR) with an inlet pressure in the range of 3-13 bar. Under optimum
conditions of solution pH, reaction temperature, ultrasonic power density and HC inlet pressure,
the extent of degradation of Dicofol was found to be 86 % and 100 % within 60 min of ultrasound
and HC treatment respectively. Sono-Fenton treatment of BDE-209 demonstrated a complete
degradation within 80 min of treatment, whereas sonochemical treatment of PFOX indicated
complete disappearance of the parent compounds within 80 min treatment as well. HC treatment
of Dicofol illustrated highest mineralization efficiency with 85 % TOC removal within 1 h of
treatment. Best mineralization efficiency of sonochemical treatment was achieved for HBCD with
72 % TOC removal within just 40 min of treatment. Overall, cavitation-based wastewater
treatments have emerged as potential techniques for the elimination POPs and progressive research

is expected to bring out superior treatment efficiency.

Keywords: Cavitation; AOPs; POPs; wastewater; treatment; sonochemical; Hydrodynamic

cavitation; Fenton; Dicofol; BDE-209; HBCD; PFOS; PFOA; degradation; mineralization



Acknowledgement

Numerous thanks are owed to those who have supported and inspired me throughout my studies,

here at the University of Nottingham, 2014 — 2018.

| would first like to thank my advisor, Professor Sivakumar Manickam, for his wonderful
guidance, continuous support, and motivation throughout my PhD career, which enabled me to
accomplish one of the important milestones in my career. With respect to his profound
understanding in Chemical and Environmental Engineering, | was able to gain a
deeper understanding in wastewater treatment and have developed a greater

appreciation for the field.

| am also thankful to my co-supervisor Dr. Vasanthi Sethu, for her valuable guidance, support

and suggestions throughout the research work.

I would like to give my special thanks to Mr. Pankaj, Mr. Malaka Kaluarachchi, Ms. Samboth,

for their selfless support during my entire PhD journey.

Finally, I would like to thank my parents for their continuous support, enthusiasm, and

motivation throughout my doctoral program.

Vv



Table of contents

ADSTFACT. . ..o i
ACKNOWIEAQEMENT. ... .o v
Table Of CONTENTS. ... e Vi
LISt Of FIQUI S ... e Xii
List Of tabIes. . ... XV
ADDIeVIAtIONS. . ... Xvii
Chapter 1: Introduction and SUMMArY...........coieiiiiiiii e 1
1.1 Background and MOtIVALION. ...........ooviiiii e 2
1.2 ODJECLIVE ANU SCOPE. ... vttt e 4
1.3 Organization Of DiSSertation...........c.oiiriiriii i e 5
LA REIEIENCES. . . ettt e 9

Chapter 2: Sonochemical degradation of endocrine-disrupting organochlorine pesticide Dicofol:

Investigations on the transformation pathways of dechlorination and the influencing operating

022110 11T (=] 7 PO 12
ADSEIACT. ..., 13
p2% R 1011 £ o [FTod 1 o o BN 14
2.2 EXPEIIMENTal. . ... s 16

2.2.1 Materials and eqUIPMENt. ... ..ot 16

2.2.2 Sonochemical eXpPeriments. ... .....ooviiiii e 17
2.3 ANl SIS, .. 17

Vi



2.3.1 High performance liquid chromatography (HPLC) analysis.................. 17

2.3.2 GC-MS @NalYSiS. ... .ttt 18
2.4 ReSults and diSCUSSTON. ... ...ueee et 18
241 HPLC @NalysSiS. ...ttt 18
2.4.2 GC-MS @NalySiS. ... .ouviiii i, 19
2.4.3 Degradation pathWays. ..........cooiiriiriit i 21
2.4.4 Reaction kinetics of Dicofol...............oooiiiiii 23
2.4.5 Effect of initial concentration on the degradation of Dicofol................ 24
2.4.6 Effectofchange in pH...........ooii i 25
2.4.7 Effect of solution temperature...............ocooiii i 26
2.4.8 Effect of acoustic power on the degradation of Dicofol..................... 27
2.4.9 Control eXPerimentS. ... .....c.oiriii i, 29
2.5 CONCIUSIONS. .. ...t 32
2.6 RETBIBINCES. ... 33

Chapter 3: Hydrodynamic cavitation assisted degradation of persistent endocrine-disrupting

organochlorine pesticide Dicofol: Optimization of operating parameters and investigations on the

mechanism of intensification................ooooii 37
ADSIIACT. ... 38
L INErOAUCTION. ...t e 39
B2 EXPEriMeENntal. ... ..o 40
3.2.1 Materials and eqUIPMENt. ... ..o, 40

3.2.2 Experimental SEt-UP......c.oueiniiiii e 40
3.2.2.1 Liquid whistle reactor (LWR)........ccoooviiiiiiiiiiieeene. 40

Vii



3.2.3 Experimental methodology...........ccoooiiiiiii 41

B B ANAIYSIS. . 42
3.3.1 High performance liquid chromatography (HPLC) analysis............. 42
3.3.2GC-MS @NalySiS. ... .ouiieiitiit i 42
3.3.3TOC ANAIYSIS. ... ettt 43

3.4 Results and diSCUSSION. .. ... .uutt it 43
3.4.1 Degradation pathways. ...........c.oeiieiiii i, 44
3.4.2 Effect of initial pollutant concentration.................................... 46
3.4.3 Effect of operating temperature...............cooooiiiiiiiiiiiii, 48
3.4.4 Effect Of INIEL PreSsUre. ... ..o.oeie i 49
3.4.5 Effect of change in pH on Dicofol degradation........................... 51
3.4.6 Effect of H2O> addition and radical scavengers test..................... 53

3.5 Energy efficiency analysiS. .........cooooiiiiiii i 57
3.5.1 Comparison between Hydrodynamic cavitation and Acoustic cavitation 57

3.8 CONCIUSIONS. ...t 58

BT APPENAIX. ..ttt e 59

BB REFEIENCES. ... e 61

Chapter 4: Heterogeneous Sono-Fenton treatment of Decabromodiphenyl ether (BDE-209):

Debromination mechanism and transformation pathways............................ 65
ADSTIACT. . ..o 66
AL INErOTUCTION. ... e 67
A2 EXperimental........oooiiii 68

A2 L MaterialS........oooeiniii 68

viii



4.2.2 Experiment methodology..........coiiiiiiiiiii e, 69

4.2.3 Analytical methods. ............oooiiiii 70
4.2.4 Debromination rate CONStantS. ...........cocoeiiiiiiiiiiiiiiiieaenans 71
4.3 Results and diSCUSSION. ... ...iuiuin it 71
4.3.1 Degradation pathways and possible mechanism........................ 73
4.3.2 Effect of initial concentration on degradation........................... 77
4.3.3 Effect of solution pH on degradation...........................ooel. 78
4.3.4 Effect of ultrasonic power density on degradation..................... 79
4.3.5 Effect of Fenton’s reagent loading on degradation..................... 80
4.4 Control X PerimMENTS. . ..ottt ettt et e e i e e e eeee e eaneean 83
4.5 Comparison of degradation efficiency with different processes................ 84
4.6 CONCIUSTONS. ...ttt 86
4.7 RETEIBNCES. ...t 87

Chapter 5: Sonolytic mineralization of Hexabromocyclododecane: kinetics and influencing

2101 (0] £ 7P 92
ADSIIACT. ... 93
5.1 INtrOAUCTION. ....ee e 94
5.2 EXPErimental. ... ..o 95
521 MaterialS.......oninii 95
5.2.2 Sonochemical eXperiments. ............coovviiviiiiiiii e, 96
5.3 Chemical @analysiS. .......o.oiriiiii i 96
5.3.LHPLCANalYSIS. ... 96
5.32GC-MS analysiS. ......ooviiriit i 97



5.3.3 Mineralization Study.............ccooiiiiiiiiii e 97

5.3.4 ECOtoXiCity aSsesSSMeNt. .........o.iviiniiriiiii e, 97
5.4 Results and diSCUSSION. ... ...uuitie it 98
5.4.1 Reaction KineticS OF HBCD...........ccoiiiiiiiiiiiiiieieeea, 105
5.4.2 Effect of initial concentration on the degradation of HBCD......... 105
5.4.3 Effect of acoustic power on the degradation of HBCD............... 106
5.4.4 Effect of operating temperature on the degradation of HBCD...... 107
5.4.5 Effect of change in pH on the degradation of HBCD................ 109
5.4.6 Effect of addition of H2O on the degradation of HBCD............ 110
5.5 CONCIUSIONS. .. .. et 111
5.8 RETEIENCES. ... .ot 113

Chapter 6: Kinetics and mechanism of low frequency ultrasound driven elimination of trace level

aqueous Perfluorooctanesulfonic acid and Perfluorooctanoic acid............... 118
ADSIIACT. ... 119
6.1 INtrOdUCTION. ... .eee e 120
6.2 EXPerimental..........oooiiii i 121
B.2. L MaterialS. ... ..o 121
6.2.2 Sonochemical experiments.............oooeveiiiiiiiiiiiiiiieeane, 122
6.3 Chemical @analysis...........couiiiiii 122
6.3. L LC-MS analysiS.......cooiiiii i 122
6.3.2 Precautions during detection................ccooviiiiiiiiiiiiinnnn, 124
6.4 Results and diSCUSSION. .......c.iuieit i 125
6.4.1 Significance of low frequency for the trace level elimination of PFOX 129



6.4.2 Reaction Kinetics Of PFOX . ...

6.4.3 Effect of initial concentration of PFOX on its degradation.........

6.4.4 Effect of operating temperature on degradation.....................

6.4.5 Effect of acoustic power on degradation..............................

6.4.6 Effect of pH on the degradation of PFOX............................

6.5 Conclusions...........

6.6 References............

Chapter 7: Overall diSCUSSION..........c.oiiriiii e

Chapter 8: Conclusions

Xi

130

131

133

134

136

137

138

142

146



List of figures

Figure 2.1. Chromatographic representation of (a) Dicofol parent compound & degraded products
along with Dicofol after (b) 30 min, (c) 60 min of sonication........................... 19
Figure 2.2. Mass spectrogram of (a) Dicofol, (b) the degraded product methanone, bis(3-
chlorophenyl) and (c) 4-Chlorobenzophenone................cooviiiiiiiiiiiiiiieenn.. 20
Figure 2.3. Selected ion monitoring (m/z 139) chromatographic representation of Dicofol and peak
intensity at (@) 0 min () 20 MiN.........oooiii e 21

Figure 2.4. The proposed degradation pathways of Dicofol under ultrasonic irradiation 22

Figure 2.5. Degradation of Dicofol at various initial concentrations.................. 24
Figure 2.6. Degradation of Dicofol at differentpH..................oooiiiiiii. 26
Figure 2.7. Degradation of Dicofol at different temperatures........................... 27
Figure 2.8. Degradation of Dicofol at different ultrasonic power levels............... 28
Figure 2.9. Degradation of Dicofol at different H2O, loading........................... 30
Figure 2.10. Degradation of Dicofol at various loadings of sodium bicarbonate...... 31

Figure 3.1. Schematic representation of the experimental set-up of LWHCR (1, feed tank; 2,
plunger pump; 3, PLC control board; 4, digital pressure gauge......................... 41
Figure 3.2. Chromatographic representation of (a) Dicofol at 0 min (b) Degraded products along
with Dicofol after 30 min of HC treatment................ooooiiiiiiiiiiiii, 43

Figure 3.3. Selected ion monitoring (m/z 139) chromatographic representation of Dicofol and peak

intensity at (a) 0 min (b) 10 min and (c) 30 min of HC treatment..................... 44
Figure 3.4. The proposed degradation pathways of Dicofol........................... 45
Figure 3.5. Degradation of Dicofol at different initial concentrations............... 47
Figure 3.6. Degradation of Dicofol at various solution temperatures................ 48

xii



Figure 3.7. Schematic of the flow and pressure distribution across the orifice......
Figure 3.8. Degradation of Dicofol at various inlet pressures.........................
Figure 3.9. Degradation of Dicofol at differentpH...................................
Figure 3.10. The degradation of Dicofol at various H.O; loading..................

Figure 3.11. TOC removal of Dicofol during 60 min of HC treatment...............

Figure 3.12. Degradation of Dicofol at various loadings of sodium bicarbonate...

Figure 4.1. Chromatograms of BDE-209 full scan analysis at (a) 0 min (b) 60 min

(o) T 110110 ST

Figure 4.2. Chromatograms of BDE-209 full scan analysis at 80 min of (a) Fenton

and (c) US treatment alone..............ooiiiiiii e
Figure 4.3. TOC removal percentage of BDE-209 within 80 min of treatment
(Experimental conditions: initial concentration: 20 mg/L; power density: 420 W)
Figure 4.4. The proposed degradation pathways of BDE-209 during

US/Fenton treatment. .........oeieine e
Figure 4.5. Degradation of BDE-209 at different initial concentration.............
Figure 4.6. Degradation of BDE-209 at various solution pH........................
Figure 4.7. BDE-209 degradation at various ultrasound power density............
Figure 4.8. BDE-209 degradation at various H2Oz loading...........................
Figure 4.9. BDE-209 degradation percentage at various nZV1 loading............

Figure 4.10. Degradation of BDE-209 at various loadings of sodium bicarbonate

Figure 4.11. The US/Fenton, US and Fenton processes of BDE-209 degradation
Figure 5.1. HPLC chromatograph of HBCD at (a) 0 min (b) 30 min of treatment

Figure 5.2. Chromatographic representation of (a) HBCD standard...............

Xiii

49

o1

52

53

54

56

72

72

73

75

77

78

80

81

82

84
85

98

99



Figure 5.3. Proposed transformation of HBCD during sonolysis. Dashed line represents the

proposed pathways, whereas the solid line represents the identified products during GC-MS

ALY SIS, .t 100
Figure 5.4. HBCD, (%) Inhibition of Daphnia magna and TOC removal (%) .... 104
Figure 5.5. Degradation of HBCD at various initial concentrations................ 106
Figure 5.6. Degradation of HBCD at different ultrasonic power levels............ 107
Figure 5.7. Degradation of HBCD at different temperatures........................ 108
Figure 5.8. Degradation of HBCD at differentpH...........................o. 109
Figure 5.9. Degradation of HBCD at different H2O2 loading........................ 110

Figure 6.1. Chromatographic representation of (a) ESI mass spectra of PFOS and PFOA parent
ions (b) MRM spectra of PFOS and PFOA (c) MRM spectra........................ 126

Figure 6.2. (a) Cavitation bubble and PFOX degradation: adsorption and thermal decomposition

of PFOX parent compound at bubble-bulk interfacial zone........................ 128
Figure 6.3. Degradation of PFOX at various initial concentrations (a) PFOS... 132
Figure 6.4. PFOX degradation percentage at different temperatures............. 134
Figure 6.5. Degradation of PFOX at different ultrasonic power levels.......... 135
Figure 6.6. Average percentage degradation of PFOX at different pH.......... 136
Figure 7.1. Comparison Chart.............ooooiiiii e, 143

Xiv



List of tables

Table 2.1. Pseudo-first-order rate constants for the degradation of Dicofol......... 31
Table 2.2. Effect of radical scavenger addition on the extent of degradation....... 32
Table 3.1. Flow characteristics of Dicofol at various inlet pressures of HC......... 50

Table 3.2. Pseudo-first-order rate constants for the degradation of Dicofol under different
Operational ParamMeterS. .. ... ..t 52
Table 3.3. Effect of H.O2 loading on the extent of degradation and kinetic rate constants for
DICOTON. . .o 54

Table 3.4. Effect of addition of radical scavenger on the extent of degradation and kinetic rate

(000 415 =1 0| ST 56
Table 4.1. Retention time of the chemical standards in the GC-MS................ 74
Table 4.2. The aqueous solubility of PBDE congeners................ccevvivinnnn. 77

Table 4.3. Pseudo-first-order rate constants for the degradation of BDE-209 under different
operational ParamMeterS. . ... ..ottt 82
Table 4.4. Effect of addition of radical scavenger on the extent of degradation and kinetic rate

CONS AT S . .ottt ittt 84

Table 4.5. Comparison of the combined process of US/Fenton with individual process (US and
FontOn) oo e 85
Table 5.1. GC-MS retention time and spectral characteristics of HBCD

transformed ProductS. .........o.oini i 100
Table 5.2. Individual chemical bonds of HBCD and their corresponding bond

diSSOCIALION BNEIGIES. ... ettt ittt e e e e e e e 101

XV



Table 5.3. Properties OF HBCD.........oiiiii e 101
Table 5.4. Pseudo-first-order rate constants for the degradation of HBCD under different
operational ParamMeterS. ........u it 111
Table 6.1. Henry’s constants of PFOX and their degradants........................ 129
Table 6.2. Pseudo-first-order rate constants for PFOX under different

INitial CONCENErAtiON. ... ... .t 133

Table 6.3. pKa values of PFOX and their degradants................................. 137

XVi



Abbreviations

POP Persistent organic pollutant

HPLC High performance liquid chromatography
GC-MS Gas chromatography mass spectroscopy
EDC Endocrine disrupting compound

BCF Bioconcentration factor

LOD Limit of detection

LOQ Limit of quantification

Fig Figure

min Minute

h Hour

w Watt

kHz Kilohertz

°C Celsius

SIM Selected lon Monitoring

Ph Phenol

CB Chlorobenzene

NB Nitrobenzene

XVii



PNP P-nitrophenol

2,4-DCP 2,4-dichlorophenol

HC Hydrodynamic cavitation

LWR Liquid whistle reactor

TOC Total organic carbon

LWHCR Liquid whistle hydrodynamic cavitation reactor
VFD Variable frequency drive

VWD Variable Wavelength Detector
uv Ultraviolet

DBP 4,4'-Dichlorobenzophenone

MPa Megapascal

AOP Advanced oxidation process
LPH Liters Per Hour

BDE-209 Decabromodiphenyl ether

us Ultrasound

PBDE Polybrominated diphenyl ether
EPA Environmental protection agency

AFP Advanced heterogeneous Fenton process

XViii



THF Tetrahydrofuran

amu Atomic mass unit

NIST National Institute of Standards and Technology
nZVi Nano zero valent iron

H202 Hydrogen Peroxide

HBCD Hexabromocyclododecane

PS Polystyrene

ppm Parts per million

PFOS Perfluorooctanesulfonic acid

PFOA Perfluorooctanoic acid

PTFE Polytetrafluoroethylene

LC-MS/MS Liquid chromatography tandem mass spectroscopy
ESI Electrospray ionization

API Atmospheric Pressure lonization

MRM Multiple reaction monitoring

CID Collision-induced dissociation

PFC Perfluorinated compound

TIC Total ion chromatogram

XiX



Chapter 1

Introduction and Summary



1.1 Background and Motivation

Rapid industrialization, ever growing human food consumption and the need of associated
agricultural growth have resulted in the increased use of numerous harmful chemicals. Associated
hazardous pollutants can enter the environment either by direct or indirect emission sources such
as use of commercial products, manufacturing processes, degradation of precursor substances or
release of wastewater. Exposure of persistent organic pollutants (POPs) above a certain limit can
lead to severe consequences for humans and aquatic lives.

With the constant increase in pesticides use, the World Health Organization (WHO, 1992) reported
three million pesticide poisonings annually, resulting in 220,000 deaths worldwide (Thundiyil et
al., 2008). Dicofol is one of the acaricide/miticide, widely used for variety of crops, which has
been identified as a potential candidate to be included under POP protocol and is reported to be an
endocrine disrupter (Hoekstra et al., 2006; Li et al., 2014). There is mounting evidence on the link
of exposure of pesticides and the associated human chronic diseases such as cancer, diabetes,
Parkinson, Alzheimer, cardiovascular and kidney diseases (Mostafalou and Abdollahi, 2013).
The application of brominated flame retardants (BFRs) such as HBCD ranges from upholstery
textiles to polystyrene (PS) based consumer products. Considering the detrimental consequences
of HBCD for humans and animals, the associated countries of Stockholm convention commenced
a ban on its application that to be effective in 2019 (Hogue, 2013). Apart from HBCD, BFRs such
as Decabromodiphenyl ether (BDE-209) is regarded as an endocrine disrupting chemical (EDC)
(Kharlyngdoh et al., 2015), which is used as a flame retardant in different electrical as well as
textile applications. Till now, this is the major technical polybrominated diphenyl ether (PBDE) to
be used. PBDE congeners including BDE-209 are detected worldwide, resulting in significant

environmental issues (Thuresson et al., 2005).



Perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS), altogether called PFOX,
are under the family of perfluorinated surfactants (PFSs). For the past 50 years, they have been
used in various applications including cosmetics, insecticides, stain repellants, fabric protectors,
production of firefighting foams and fluoropolymers such as polytetrafluoroethylene (PTFE/
Teflon). Various studies reported the persistency of PFOX in the environment and serious health
problems because of its carcinogenic, hepatotoxic and neoplastic nature (Alexander and Olsen,
2007; Xiao et al., 2015).

Complete elimination of recalcitrant pollutants is vital because of the associated adverse health
concerns, but most of the POPs are resistant towards conventional treatment technologies such as
biodegradation, adsorption, filtration, sedimentation and chlorination. For example, PFOS and
PFOA are difficult to eliminate via conventional treatment methods owing to their stable structure
(Kato et al.,, 2013). Even though nanofiltration and reverse osmosis had shown to remove
numerous pollutants from wastewater, but subsequent incineration is necessary for complete
destruction of the dissolved waste (Li et al., 2012; Zhang et al., 2006). Also, the degradation of
pollutants may generate short chain byproducts with higher toxicity compared to the parent
compound (Luo et al., 2011; Trovo et al., 2012) and hence mineralization of pollutant is essential
for complete elimination. Advanced oxidation processes (AOPs) such as cavitation-based
techniques have emerged as the most effective treatment methods for the elimination of recalcitrant
pollutants. If the cavitation event occurs due to the passage of ultrasonic waves in the liquid
medium, then it is termed as acoustic cavitation, whereas if it occurs due to the pressure variations
in the flowing liquid with respect to change in the geometry of constriction, then it is called as
hydrodynamic cavitation (HC). Introduction of ultrasonic waves of certain frequencies (20-1000

kHz) can create bubbles followed by the collapse events (Brennen 1995). In case of HC, when the



liquid passes through the constriction the velocity of the liquid increases at the expense of local
pressure and the pressure around the point of vena contracta falls below the threshold pressure
(usually vapor pressure of the medium at the operating temperature), resulting in the formation of
cavities. At the downstream of the constriction, as the liquid jet expands, the pressure recovers,
and this results in the collapse of cavities (Moholkar and Pandit, 1997). The collapse of cavities
can generate temperatures up to 5,000 K inside the bubble core along with the production of highly
reactive free radicals such as H’, OH", O" owing to the homolytic cleavage of water molecules and
dissolved gases such as oxygen (Didenko et al. 1999). While pyrolysis in the bubble core and to a
lesser extent at bubble-liquid interfacial region have been reported to be effective for the
mineralization of hydrophobic pollutants, at the same time, the generated oxidizing free radicals
are responsible for the degradation of polar organic compounds (Nam et al. 2003).

While cavitation-based treatments have great potential to improve and revolutionize water
treatment technology, there is imminent concern regarding the efficiency in the removal of
recalcitrant pollutants. Since POPs possess unique properties, they may pose challenges during
cavitation-based wastewater treatment processes. Therefore, this research addresses detailed
fundamental mechanisms and degradation pathways regarding the removal of POPs via
sonochemical and HC based treatment processes.

1.2 Objectives and Scope

The goal of this doctoral research was to investigate the cavitation-based (sonochemical and
hydrodynamic cavitation) treatment of recalcitrant organic pollutants such as Dicofol, BDE-209,
HBCD, PFOS and PFOA. The fundamental mechanism governing the removal of pollutants in

model solutions were investigated and respective degradation pathways were extensively studied.



The scope of this study involves treatment of five recalcitrant pollutants and the optimization of
operating parameters for best possible removal efficiency.

The first objective was to optimize analytical instruments such as HPLC, LC-MS, GC-MS and
TOC with respect to the available standards and to compare the standardized data with
experimental outcomes. The second objective is to conduct experiments for respective pollutants
under a range of operational parameters. The general parameters under consideration include pH,
reaction solution temperature, ultrasound intensity, inlet pressure of HC, initial concentration of
pollutant and the addition of H20.. The last objective was to evaluate the outcomes of treatments
with respect to obtained experimental data to establish the degradation mechanism and to draw the
transformation pathways. The study involved 1) comparison of individual process outcomes (US,
Fenton and US/Fenton) 2) calculation of synergistic index 3) deciding energy efficiency with
respect to sononchemical and HC treatment.

1.3 Organization of Dissertation

This entire PhD dissertation is composed of six chapters, including the Introduction section
(Chapter 1). Following the Chapter 1 Introduction, Chapter 2 titled “Sonochemical degradation of
endocrine-disrupting organochlorine pesticide Dicofol: Investigations on the transformation
pathways of dechlorination and the influencing operating parameters,” discusses the optimum
conditions to be undertaken for the highest rate of sonochemical degradation of Dicofol.
Degradation products were monitored via High performance liquid chromatography (HPLC) and
Gas chromatography coupled with mass spectroscopy (GC-MS) analysis. Control experiments and
radical scavenger test determined the predominant cavitation degradation region and degradation

mechanism was illustrated with respect to the detected degradation products.



Chapter 3, entitled “Hydrodynamic cavitation assisted degradation of persistent endocrine-
disrupting organochlorine pesticide Dicofol: Optimization of operating parameters and
Investigations on the mechanism of intensification” investigated on a liquid whistle hydrodynamic
cavitation reactor (LWHCR) for Dicofol removal. Process intensification was achieved via
optimization of essential parameters such as inlet pressure, initial concentration of Dicofol,
solution temperature, pH and addition of H20.. Results showed that under optimum conditions,
the complete removal of Dicofol was achieved within 1 h of treatment and total organic carbon
(TOC) analysis demonstrated significant mineralization efficiency within the treatment time. Also,
a comparison between hydrodynamic cavitation and acoustic cavitation was performed to
determine the energy efficiency with respect to the degradation yield.

Chapter 4, titled “Heterogeneous Sono-Fenton treatment of Decabromodiphenyl ether (BDE-209):
Debromination mechanism and transformation pathways” illustrates the experimental outcomes
of combined ultrasound and advanced Fenton process for the removal of Decabromodiphenyl ether
(BDE-209). The effects of vital parameters (i.e. pH, pollutant concentration, ultrasonic power
density, Fenton’s reagent loading) were studied to see impact on the degradation rate. Most of the
degradation products were determined quantitatively via GC-MS analysis, whereas the
concentration of parent compound was also monitored via HPLC analysis. The degradation
mechanism during the combined process indicated the thermal decomposition of pollutants at
bubble-vapor interface along with reductive debromination at the surface of iron. Lastly, a
comparison study among ultrasound, Fenton and Sono-Fenton treatment methods was conducted
to calculate the synergistic index.

Chapter 5, titled “Sonolytic mineralization of Hexabromocyclododecane: kinetics and influencing

factors” investigated the sonochemical mineralization of Hexabromocyclododecane (HBCD).



HPLC, GC-MS and TOC analysis were performed to demonstrate the presence of degradation
products and mineralization efficiency. Also, the ecotoxicity of HBCD and its transformed
products were evaluated via Daphnia magna bioassay test. A complete degradation of HBCD was
achieved within 40 min of sonochemical treatment at optimum conditions.

Chapter 6, titled “Kinetics and Mechanism of Low Frequency Ultrasound Driven Elimination of
Trace Level Aqueous Perfluorooctanesulfonic acid and Perfluorooctanoic acid” demonstrated
sonochemical treatment of Perfluorooctanesulfonic acid (PFOS) and Perfluorooctanoic acid
(PFOA) and essential precautions to be opted during Liquid chromatography mass spectroscopy
(LC-MS) analysis. The relation between initial concentration of pollutant and the frequency of
sonication was established with respect to previous reported results. LC-MS analysis in multiple
reaction monitoring (MRM) mode was performed for the quantification of parent as well as
degradation products.
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Chapter 2

Sonochemical degradation of endocrine-disrupting
organochlorine pesticide Dicofol: Investigations on the
transformation pathways of dechlorination and the
influencing operating parameters
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Abstract

Dicofol, an extensively used organochlorine pesticide and a recommended Stockholm convention
persistent organic pollutant (POP) candidate is well known for its endocrine disruptive properties.
The sonochemical degradation of Dicofol in aqueous media has been investigated using a 20-kHz
probe type sonicator with power inputs from 150 to 450 W. The degradation rate was determined
as a function of concentration of Dicofol, solution pH, bulk phase temperature, ultrasonic power
density and H>O> addition. At optimum operating conditions, the pseudo-first-order degradation
rate constant (k) was determined to be 0.032 min* and the extent of degradation was found to be
86 % within 60 min of ultrasound treatment. High performance liquid chromatography (HPLC)
and Gas chromatography coupled with mass spectroscopy (GC-MS) analysis indicated the
presence of degraded products. The obtained results of Dicofol degradation and control
experiments in the presence of H2O. and radical scavenger test suggest thermal decomposition

along with radical attack at bubble-vapor interface to be the dominant degradation pathway.
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2.1 Introduction

Pesticides are extensively used worldwide in agriculture to prevent damage caused by various
pests. Even though the use of pesticides brings undeniable benefits in agricultural production and
assists mitigating the food scarcity to meet ever growing human consumption, but on the other
hand it brings several environmental and health consequences due to their toxic, bioaccumulative
and endocrine disruptive nature (Mostafalou and Abdollahi, 2013; Mckinlay et al., 2008; Mnif et
al., 2011). Among them, organochlorine pesticides are a cause of concern due to their global use
(Tiemann, 2008). Dicofol is one of the extensively used organochlorine pesticide which is applied
for foliar applications and predominantly for cotton, apple, citrus crops along with several others
such as beans, peppers, tomatoes and ornamental crops (US EPA,1998). Since mid-1950s, Dicofol
has been used worldwide as miticide, pesticide and acaricide, while the East-Southeast Asia,
Mediterranean coast along with Northern-Central America are reported to be as dominant
consumers.

Considering the adverse consequences, Dicofol has been proposed as a persistent organic pollutant
under Stockholm Convention (UNEP, 2013) and it has been nominated as a potential “endocrine
disrupting compound” (EDC) (US EPA,1998). The principal release of Dicofol to the environment
might result from the production units or via professional and private use. Due to its high
bioconcentration factor (BCF) of >5000 and long-range environmental transport, Dicofol satisfies
the criteria for bioaccumulation and is considered to be highly toxic to aquatic organisms (US
EPA,1998). The half-lives of Dicofol elimination from bluegill sunfish and mammals are reported
to be 33 days and 14 days respectively (US EPA, 1998). Stockholm convention report suggests

that there are evidences of estrogenic activity and reproductive effects on fish, birds, rats and dogs
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(US EPA, 1998). Studies found out the development of Hodgins disease, leukemia and autism
disorders in children following its residential exposure (UNEP, 2015).

US EPA reported that the photodegradation of Dicofol is not expected to be a significant route of
degradation in the environment (UNEP, 2015). Guo et al. (2009) reported 72.5% removal of
Dicofol under photocatalytic conditions, whereas the efficiency of Dicofol degradation under
ultraviolet irradiation alone is negligible compared to Ag/TiO2-NT/UV photocatalytic treatment.
Binbin et al. (2008) reported a complete removal of Dicofol within 2 h of irradiation in the presence
of TiO2-NPs photocatalyst and high pressure (400 W) mercury lamp. Even though photocatalytic
treatment has shown effectiveness in Dicofol removal, but the requirement of catalyst and intense
UV light are major drawbacks compared to sonochemical treatment. Ren et al. (2011) investigated
the theoretical photodegradation mechanism of Dicofol by density functional theory, but the
relevance of this study is questionable with respect to US EPA investigation. Even though
biodegradation (Osman et al., 2008; Oliveira et al., 2012) has been reported to be successful in
removing Dicofol, but the requirement of a comparatively longer duration of treatment time (28
days for 96% degradation) and incomplete degradation are the major drawbacks. Based on
persistence, bioconcentration, high aquatic toxicity, extensive occurrence in environment, along
with the endocrine disrupting nature of Dicofol, the employment of an effective wastewater
treatment technique is of significance for its elimination. In this context, in our investigation, the
proposed sonochemical treatment provides advantages over the previously employed techniques
that include faster and effective removal of Dicofol with efficient utilization of energy. Several
investigations on the sonochemical degradation of recalcitrant pesticides such as DDT, dichlorvos
and alachlor etc. indicated the competence of sonolysis in achieving their successful removal

(Thangavadivel et al., 2009; Patil and Gogate, 2015; Bagal and Gogate, 2012). Ultrasound-based
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wastewater treatment offers a faster rate of pollutant removal, requires a minimal space and can
be operated at low maintenance and hence could be a viable wastewater treatment technology.

In the present work, the sonochemical degradation of Dicofol has been performed to investigate
the degradation pathways. Besides, the effects of operational parameters such as ultrasonic power,
concentration of Dicofol, pH, solution temperature and H20> addition on the extent of Dicofol
degradation were also investigated. High performance liquid chromatography (HPLC) and Gas
chromatography-mass spectrometry (GC-MS) analysis have been employed to monitor the
concentration of Dicofol during sonochemical treatment and to identify the degraded products,
respectively. Calibration curves for Dicofol at concentrations from 1.35 to 405 uM were
constructed and a good linearity was observed. To the best of our knowledge, we believe that this
is the first reported investigation on the sonochemical treatment of Dicofol for its efficient removal.
2.2 EXPERIMENTAL

2.2.1 Materials and equipment

Dicofol [2,2,2-Trichloro-1,1-bis(4-chlorophenyl) ethanol (C14H9Cls0), 99.3%, CAS Number 115-
32-2], Hydrogen peroxide (H202), Sodium bicarbonate (99.5%), n-hexane, Methanol (HPLC
grade) were purchased from Sigma Aldrich (Malaysia). Ultra-pure deionized water of 15 MQ.cm
resistivity was obtained from a water purification system (PURELAB Option-R, ELGA, UK) and
used throughout this study. All other chemicals used in this study were of the highest grade
available. Agilent nylon syringe filter of 0.45 um pore size and 5 ml syringes were purchased from
IT Tech Research (M) Sdn. Bhd. (Malaysia). For the analysis, High performance liquid
chromatography (HPLC, Agilent 1200 infinity) and Gas chromatograph (GC-MS, Perkin Elmer
CLARUS SQ8 S/CLARUS 680) were employed. A temperature-controlled water bath (Julabo

Labortechnik GmbH, Germany) system was used to maintain the temperature of reaction solution.
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2.2.2 Sonochemical experiments

A co-solvent approach of using methanol along with water for the sonication of Dicofol was
adopted because of low aqueous solubility of Dicofol. Extraction of the sonicated sample by n-
hexane was performed before GC-MS analysis due to the limitation of analytical instrument. Stock
solution of Dicofol in methanol was prepared and was stored at 2 °C. Working standard solutions
were prepared regularly by the dilution of stock in methanol and water to the desired concentration.
The pH of solution was varied between 3 to 7 throughout the experiment, while excluding higher
pH (>7) due to hydrolysis of Dicofol at alkaline pH (US EPA, 1998).

Sonochemical treatment was performed in a 100-mL reactor using a 20 kHz ultrasonic probe
(Cole-Parmer Instruments, Illinois, USA) and the applied ultrasonic power range was varied
between 150 to 450 W. Calorimetric procedures (Koda et al., 2003) were adopted to verify the
actual ultrasonic power and the energy dissipated by the transducer into the solution. The
temperature of reaction mixture was maintained between 10-40 °C using a chiller. At selected time
intervals, 2 ml aliquots were withdrawn to analyze the final concentration of Dicofol as well as to
detect the degraded products. Sonication was performed for 60 min and aliquots were withdrawn
at0, 5, 10, 20, 30, 40, 60 min for HPLC and GC-MS analyses. Each experiment was repeated three
times and the standard deviation of the triplicate experiments has been considered.

2.3 Analysis

2.3.1 High performance liquid chromatography (HPLC) analysis

Optimization of HPLC parameters for Dicofol analysis was conducted prior to the injection of
sonicated sample and to construct the standard curve and Dicofol stock solutions were prepared in

the concentration range of 1.35-405 uM. The limit of detection (LOD) and limit of quantification
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(LOQ) were decided based on the signal to noise responses. The HPLC response was linear for
Dicofol in the range of 0.5 to 150 ppm. The LOD and LOQ were 0.27 and 1.35 uM, respectively.
Samples were injected onto an Agilent HPLC system equipped with an online degasser, quaternary
LC pump (Agilent infinity model 1260) and an Agilent infinity 1260 VWD UV detector for the
separation on a CORTECS™ C18 column (4.6 mm x 100 mm, 2.7 um). The Agilent ChemStation
software was used for instrument control, data acquisition, and data analysis. The Dicofol elution
was carried out at a column temperature of 30 °C using an isocratic gradient composed of solvent
A (methanol) and solution B (4 uM aqueous acetic acid) in 80:20 ratio and the detection was
carried out at a wavelength of 229 nm. The injection volume and flow rate were 20 pL and 1.4
ml/min respectively. The retention time of Dicofol was 3.5-3.6 min.

2.3.2 GC-MS analysis

Sonicated samples followed by extraction through n-hexane were subjected to Gas
chromatography coupled with mass spectrometry (GC-MS) analysis equipped with a PerkinEImer
Elite 5-MS capillary column (length: 30 m, 1.D: 0.25 mm, Film thickness: 0.25 um). The injector
temperature was at 200 °C, the flow rate was 1.0 mL/min and the injection volume was 1 pL. The
oven temperature was at 50 °C for 1 min, which was then increased at 25 °C/min to 125 °C for 0
min and 10 °C/min to 300 °C for 1 min. The GC interface and the source were at 280 °C and at
300 °C respectively.

2.4 Results and discussion

2.4.1 HPLC analysis

In the present investigation, HPLC chromatogram (Fig. 2.1) indicated the presence of several
peaks in the ultrasound-treated solution in comparison with the untreated Dicofol, justifying the

formation of numerous degraded components. The degraded products of Dicofol were observed to
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appear after 20 min of sonication followed by a gradual decrease in the concentration of parent
compound with treatment time. Also, a decline in the peak intensity of degraded products was
observed after 30 min of sonochemical treatment, indicating the removal of degraded short chain

intermediates with treatment time. The retention time of Dicofol was noted to be 3.5-3.6 min.
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Figure 2.1. Chromatographic representation of (a) Dicofol parent compound & degraded products
along with Dicofol after (b) 30 min (c) 60 min of sonication

2.4.2 GC-MS analysis

Three degraded products of Dicofol have been detected via qualitative GC-MS analysis. 3,3'-
Dichlorobenzophenone/methanone, bis(3-chlorophenyl) - (C13HgsCl20), 4-Chlorobenzophenone
(C13H9CIO) and Benzophenone (C13H100) were identified via GC-MS analysis in full scan mode
after 20 min of sonication and a gradual decrease in the peak intensity of degradants with treatment
time was observed. GC-MS analysis in the Selected lon Monitoring (SIM) mode was performed
for the target ion (m/z 139) to accurately monitor the concentration of Dicofol, which indicated the
decline in its concentration with treatment time. Fig. 2.2 represents the mass spectrogram of

Dicofol and the degraded products identified via GCMS NIST library during full scan analysis,
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whereas Fig. 2.3 demonstrates the gradual decrease in the peak intensity of Dicofol with treatment

time monitored via GC-MS SIM mode.
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Figure 2.2. Mass spectrogram of (a) Dicofol and (b) the degraded product methanone, bis(3-
chlorophenyl) — (c) 4-Chlorobenzophenone (d) Benzophenone identified by GC-MS NIST library
match
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Figure 2.3. Selected ion monitoring (m/z 139) chromatographic representation of Dicofol and peak
intensity at (a) 0 min (b) 20 min and (c) 40 min of sonochemical treatment

2.4.3 Degradation pathways

Based on the identified degradants of Dicofol, the possible degradation pathways are represented
in Fig. 2.4. Volatility and solubility of pollutants play a vital role in deciding the predominant
cavitational region for their optimum degradation. Based on Henry’s law constant of Dicofol (2.4
x 107" atm m3/mol), it is considered to be semi-volatile and according to log Kow of Dicofol (5.02),
it is essentially a hydrophobic substance. Since Dicofol is a semi-volatile molecule, pyrolysis
inside the cavitation bubbles should be excluded, whereas due to hydrophobic nature of Dicofol,
the transport of pollutants to the bubble interfacial region could be dominant. Thus, interfacial
region appears to be the predominant site for the degradation of Dicofol. Conceptually, degradation
of Dicofol can be considered into three predominant fundamental steps. The first step involves the
diffusion and adsorption of Dicofol to the transient cavitating bubble-liquid interface followed by
a second step involving thermal decomposition along with radical attack on the degraded
molecules at the interfacial region and subsequent pyrolytic degradation of intermediates inside
the bubble core as the last step. According to the proposed scheme (Fig. 2.4), the initial degradation
of Dicofol involves the loss of CCls moiety via thermal decomposition at the bubble-water
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interface and subsequent radical attack to form 3,3'-Dichlorobenzophenone, as the presence of
highly reactive oxygen species are also dominant at the interfacial region. The detection of 4-
Chlorobenzophenone and Benzophenone indicated successive removal of chloride atom from the
aromatic ring of 3,3'-Dichlorobenzophenone and 4-Chlorobenzophenone respectively, following

a subsequent radical attack to form the intermediates.
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Figure 2.4. The proposed degradation pathways of Dicofol under ultrasonic irradiation
At later stage of degradation, the short chain aromatic intermediates are expected to enter the
bubble core and undergo a series of pyrolytic reactions leading to carbon monoxide and other

mineralized products according to the following equations (1-5).

)

(C|C6H4)2C(OH)CC|3—)>_’ (CICsH4)2C(OH) + CCl3 1)
(CIC6H4).C(OH) ——— » C13HsCIl.O + «H (2
C13HgCloO —————» C13H9ClO + «Cl 3)
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C13HoCIO ——> Ci3H100 + Cl (4)

C13H100 ——— CgHs + CeHs + :CO (5)

The proposed dissociation reactions of Dicofol (egns. 1-5) are expected to follow the order of bond
dissociation energy: for example, C-C (607 kJ/mol) and C-O (1076 kJ/mol), which lead to the
cleavage of CClz moiety with the initiation of thermal decomposition of Dicofol. The aromatic
rings being the most inert are assumed to dissociate at a later stage of degradation. Brown
carbonaceous particles were observed visually after 50 min of sonication under optimized
parameters suggesting the mineralization of Dicofol. These observations of formation of
carbonaceous particles via pyrolytic conditions during sonolysis are consistent with the results as
observed by Hart et al. (1990) and Gonzélez-Garcia et al. (2010), where they noted the formation
of carbonaceous particles during sonolysis of acetylene and chlorinated organocompounds.
Sivasankar and Moholkar (2009) reported the degradation of phenol (Ph), chlorobenzene (CB),
nitrobenzene (NB), p-nitrophenol (PNP) and 2,4-dichlorophenol (2,4-DCP) based on their water
solubility and volatility. Reported results suggested that phenol (Ph) is not expected to evaporate
into the bubble due to its nonvolatile nature and high solubility and hence the degradation
mechanism of Ph is expected to be hydroxylation, whereas CB is expected to evaporate into the
bubble and undergo pyrolytic decomposition due to its volatile and hydrophobic nature. But semi-
volatile and hydrophobic pollutants such as Dicofol are expected to follow bubble-liquid
interfacial region as the predominant region of degradation with mixed probability of thermal
decomposition and free radical attack.

2.4.4 Reaction Kinetics of Dicofol

Considering all the studied parameters during the sonochemical treatment of Dicofol, the

experimental data fit well to the pseudo-first-order kinetic model. Based on Eqn. 6, plots of C:
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versus irradiation time (t) were produced as shown in Figs. 2.5-2.9 using the data obtained during
different operating parameters.

Co = Coe™™ )
Where, Kk is the apparent rate constant; Co and C; are the concentrations of Dicofol at time “0” and
at “t” respectively. Table 2.1 lists the values of pseudo-first order degradation rate constant (Kk),
and the linear regression coefficient (R?) for all the operating parameters.

2.4.5 Effect of initial concentration on the degradation of Dicofol

The efficacy of pollutant degradation can be significantly affected by its initial concentration. The
extent of pyrolytic destruction of semi-volatile pollutants is dependent on their concentration and
hydrophobicity, which defines their ability to migrate towards the bubble-liquid interface and to
accumulate (Serpone et al., 1994). The concentration of Dicofol was varied from 5.4 to 54 uM

while maintaining the solution temperature at 20 °C, pH at 3 and with a power density of 375 W.
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Figure 2.5. Degradation of Dicofol at various initial concentrations: (@) 5.4 uM (@) 27 uM (e) 54
uM

The degradation rate scarcely increased above and below 27 pM, indicating as the optimum
concentration for the highest rate of degradation. From Table 2.1, it is evident that the rate constant

decreased from 0.022 to 0.006 min* for an increase in the concentration from 27 to 54 uM. Above

24



the optimum concentration of Dicofol, the surface of bubbles is expected to be saturated and hence
a decline in the degradation rate was witnessed, whereas below the optimum value a decline in the
degradation rate was also observed. A rise in the pollutant concentration up to the optimum value
can lead to a higher degradation rate due to the rise in the interfacial pollutant concentration,
whereas at low concentration a decline in the degradation rate indicates lesser evaporation of
pollutant into the bubble-vapor interfacial region. Some authors reported that in case of non-
volatile and semi-volatile pollutants, thermal decomposition at interfacial region is predominant at
higher solute concentration, whereas radical reactions predominate at lower solute concentration
(Gonzéalez-Garcia et al., 2010). As the degradation of Dicofol beyond the optimum value was
observed to be hindered, thermal decomposition along with radical attack at interfacial region is
expected to be the dominant pathway at the optimum concentration. Mendez-Arriaga et al. (2008)
observed an optimum concentration of 5 mg/L for lbuprofen followed by a relatively constant
degradation rate at its higher concentrations demonstrating the existence of optimum concentration
for the highest rate of pollutant degradation.

2.4.6 Effect of change in pH

Sonochemical degradation of Dicofol was conducted at different initial solution pH in the range
of 3-7, while maintaining Dicofol concentration of 27 uM, solution temperature at 20 °C and power
density of 375 W. The results indicated that the rate of degradation increased (Table 2.1) with a
decrease in solution pH and the highest rate of Dicofol degradation was achieved at pH 3 (Fig.
2.6), which can be attributed to the faster transport of pollutants towards bubble interfacial region

due to their enhanced hydrophobic nature at acidic conditions.
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Figure 2.6. Degradation of Dicofol at different pH: (o) 3, (8) 5, (0) 7

Also, several previous reports suggested acidic medium for the highest rate of pollutant removal
via sonochemical treatment, owing to increased hydrophobicity of protonated species, resulting in
an enhanced accumulation of molecules at the bubble interfacial region (Wei et al., 2016). Golash
and Gogate (2012) reported an increase in the removal of dichlorvos with a change in pH from 8
to 2. Similarly, the extent of alachlor degradation increased from 45 to 86% with a decrease in its
initial pH from 11 to 3 within 2 h of treatment (Bagal and Gogate, 2012).

2.4.7 Effect of solution temperature

A change in the solution temperature during cavitation affects the cavitation intensity owing to the
variation in the physiochemical properties of the liquid medium (Golash and Gogate, 2012). By
using the cooling system, the solution temperature was controlled to vary over a range of 10-40
°C, while maintaining the concentration of Dicofol solution as 27 uM. The solution temperature
of 20 °C has been found to be the optimum for the highest rate of Dicofol degradation and the
degradation rate constant decreased to 0.009 min and 0.008 min™ (Table 2.1) with a change in

the solution temperature to 10 °C and 30 °C, respectively.
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Figure 2.7. Degradation of Dicofol at different temperatures: () 10 °C (o) 20 °C (o) 30 °C

Varying the solution temperature affects the cavitational intensity and the type of cavities formed
(gaseous or vaporous) as well as affecting the kinetic rate constant of the components subjected to
degradation (Evgenidou et al., 2005). According to the studies on bubble dynamics, a linear
decrease in the collapse pressure is witnessed with a rise in the bulk liquid temperature (Gogate et
al., 2003). At high temperature, semi-volatile or nonvolatile molecules may migrate easily from
the bulk solution to the interfacial regions, but at the same time a decline in the formation of
gaseous nuclei and bubble collapse intensity could result. Lin et al. (2015) and Yang et al. (2013)
reported on the detrimental effect of higher sonochemical reaction temperatures on the degradation
of PFOS and PFOA, whereas Jiang et al. (2006) reported an optimum temperature for the
degradation of 4-chlorophenol, demonstrating that an optimum temperature for the highest rate of
degradation is pollutant specific.

2.4.8 Effect of acoustic power on the degradation of Dicofol

The generation of number of active cavitation bubbles can be significantly altered depending on
the extent of applied ultrasound power (Merouani et al., 2010). The correlation between

sonochemical reactions and the applied power can be illustrated as follows: (1) the rate and the
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generation of number of active bubbles increase with an increase in the power density, (2) an
increase in the size of individual bubbles with an increase in power density, resulting in higher
collapse temperature because of the conversion of higher available potential energy into heat
(Kanthale et al., 2008), (3) an increase in the mixing intensity results with an increase in power
density because of the turbulence produced from cavitational effects. The effect of acoustic power
on the degradation of Dicofol was monitored by varying the power (150-450 W) at a solution
temperature of 20 °C, while maintaining pH at 3 and Dicofol concentration of 27 uM to decide the

optimum condition. Fig. 2.8 shows the power dependence of Dicofol degradation.
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Figure 2.8. Degradation of Dicofol at different ultrasonic power levels: (o) 150 W (o) 225 W (o)
375 (0) 450 W

It was observed that the degradation enhanced with a rise in acoustic power up to 375 W with the
degradation rate constant of 0.022 min, beyond which a decline in the degradation rate (Table
2.1) was observed. By increasing the power, the energy of cavitation enhanced following a more
violent implosion. It has been reported that an increase in the acoustic intensity up to a maximum
of 8.4 W/cm? and 110 W/cm? enhanced the degradation efficiency of Ofloxacin and Nitrotoluenes
(Panda and Manickam, 2017) beyond which a decline in the degradation rate was observed. The

optimum power dissipation for effective pollutant removal is dependent on reactor configuration
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and the pollutant employed. Cavitation events could be affected or reduced marginally beyond the
optimum power intensity, because of an excessive production of heat during sonication, leading to
a less violent bubble collapse.

2.4.9 Control experiments

Control and sonochemical experiments in the presence of H2O; in the range of 1000 to 10000 uM
were performed to verify the role of hydrogen peroxide for oxidative degradation of Dicofol. While
degradation was not observed during the addition of H2O- alone, a slight increase in degradation
rate was witnessed during the combination of sonication, up to a H202 loading of 5000 uM, beyond
which it decreased. The addition of H20 can lead to additional oxidative degradation pathways
while acting as a radical promoter, but at the same time it can also act as a scavenger beyond the
optimum concentration. The H.O> effect is predominant in the bulk solution phase, where the
reaction between pollutant and active radicals follows the removal of OH, rather than at bubble
interfacial region, where recombination of active radicals along with thermal decomposition
dominates. Based on Eq. (6), Fig. 2.9 demonstrated the pseudo-first-order degradation of Dicofol
with different H.O, loading in comparison with degradation without H>O. addition, while
maintaining an acoustic power of 375 W, a solution temperature of 20 °C, a pH of 3 and an initial

Dicofol concentration of 27 uM.
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Figure 2.9. Degradation of Dicofol at different H2O> loading: (e) 0 uM (@) 5000 uM (e) 7000 uM

The rate constant (k) enhances only up to 0.032 min™ in comparison to the degradation rate
constant of 0.022 min (Table 2.1) for Dicofol without H.O>, suggesting a minor degradation
taking place in the bulk solution. This could be attributed to radical driven degradation up to the
optimum loading. The reduced degradation beyond optimum H2O, addition depicts its role of
scavenging of OH radical (Eq. 7).

H202 + "OH — H.0 + HOO’ ()
Gogate (2008) stated that the combined effect of H202 and ultrasound is dependent on the type of
pollutants and the interaction of free radicals over a specified period. Merouani et al. (2010) also
reported on the presence of optimum concentration of H2O2 and a slight enhancement of
degradation rate by the addition of H20> for the degradation of Rhodamine B.

The role of free radical reaction can be decided with respect to the pollutant degradation rate in the
presence of scavengers. To obtain further information regarding the cavitation reaction zone,
sodium bicarbonate was chosen, which is known as the free radical scavenger for bulk phase

solution (Liao et al., 2001). Experiments with sodium bicarbonate loading (0.5 & 2 g/L) were
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conducted, while maintaining all other optimum parameters. The rate constant decreased only
marginally (Table 2.2) in the presence of bicarbonate ions for both loading, indicating interfacial
region as the predominant degradation zone with lesser extent of radical reaction in the bulk
solution. Yao et al. (2010) also reported similar result for parathion degradation in the presence of
sodium bicarbonate, where the reaction zones are predominantly the interfacial region. Fig. 2.10

demonstrates the percentage of Dicofol degradation with the addition of scavenger.
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Figure 2.10. Degradation of Dicofol at various loadings of sodium bicarbonate: (@) 0 (¢) 0.5 (o) 2
g/L

Table 2.1. Pseudo-first-order rate constants for the degradation of Dicofol under different
operational parameters

Parameter K (min?) |R?
Initial concentration (uM) | 5.4 0.019 0.98
27 0.022 0.99
54 0.006 0.98
pH 3 0.022 0.99
5 0.014 0.98
7 0.008 0.98
Solution temperature (°C) | 10 0.009 0.98
20 0.022 0.99
30 0.008 0.98
Acoustic Power (W) 150 0.007 0.98
225 0.011 0.99
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Table 2.2. Effect of radical scavenger addition on the extent of degradation and Kinetic rate

375 0.022 0.99
450 0.017 0.99
H>0> loading (uM) 0 0.022 0.99
5000 0.032 0.98
7000 0.027 0.99

constants

Sodium bicarbonate | Extent of degradation (%) | Rate constant k (min™) R?
loading (g/L)
0 86 0.032 0.98
0.5 84 0.029 0.98
2 81 0.027 0.98

2.5 Conclusions

In the present study, the sonochemical degradation of Dicofol has been accomplished and the main

conclusions observed from this investigation are:

The removal of Dicofol has proven to be effective and efficient under sonochemical-based

treatment.

HPLC and GC-MS analyses justified the formation of degraded products during sonication.

Thermal decomposition along with radical attack at bubble-vapor interphase is assumed to

be the dominant degradation pathway.

The highest rate of degradation was achieved under optimum parameters of acoustic power,

solution temperature, pH, pollutant concentration and the addition of H.Ox.

Formation of carbonaceous particles suggested the mineralization of Dicofol.
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Chapter 3

Hydrodynamic cavitation assisted degradation of
persistent endocrine-disrupting organochlorine
pesticide  Dicofol:  Optimization of operating
parameters and Investigations on the mechanism of
Intensification
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Abstract

Dicofol, a recommended Stockholm convention persistent organic pollutants (POPSs) candidate is
well known for its endocrine disruptive properties and has been extensively used as an
organochlorine pesticide worldwide. The Hydrodynamic cavitation (HC) treatment of Dicofol in
aqueous media induced by a liquid whistle reactor (LWR) has been investigated while considering
important parameters such as inlet pressure, initial concentration of Dicofol, solution temperature,
pH, addition of H,O> and radical scavenger for the extent of degradation. The pseudo-first-order
degradation rate constant (k) was determined to be 0.073 min with a degradation yield of 1.26 x
10> mg/J at optimum operating conditions and a complete removal of Dicofol was achieved within
1 h of treatment. Considering the removal rate and energy efficiency, the optimal inlet pressure
was found to be 7 bar, resulting in a cavitation number of 0.17. High performance liquid
chromatography (HPLC) and Gas chromatography mass spectroscopy (GC-MS) analyses
indicated a sharp decline in the concentration of Dicofol with treatment time and indicated the
presence of degraded products. An 85 % total organic carbon (TOC) removal was achieved within
1 h of treatment time, demonstrating successful mineralization of Dicofol. The obtained results
suggest that the degradation of Dicofol followed thermal decomposition and successive

recombination reactions at bubble-vapor interface.
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3.1 Introduction

Dicofol has been associated with numerous disease due to its endocrine disruptive nature (US
EPA,1998) and hence an effective waste water treatment method is needed for its elimination. The
hydrodynamic cavitation-based treatment in this investigation has demonstrated better removal
efficiency as compared to previous reported results. Cavitation can be produced in the liquid
medium through pressure variations by introducing constrictions in the liquid flow and according
to Bernoulli’s equation (Lohse, 2003) when the liquid passes through the constriction, the kinetic
energy/velocity increases at the expense of pressure and when the pressure at orifice equals or falls
below the vapor pressure of the liquid, vaporous cavities are formed. In the case of liquid whistle
hydrodynamic cavitation reactor (LWHCR), the high velocity liquid jet generated due to the
presence of orifice, is projected over the edge of the knifelike stainless-steel blade, enabling it to
vibrate at ultrasonic frequencies. As a result, intense cavitation is obtained due to the local pressure
changes around the orifice and due to the mechanical ultrasonic vibrations as well. LWHCR was
employed for water disinfection (Chand et al., 2007), treatment of industrial wastewater effluents
(Chakinala et al., 2008) and several other hydrodynamic cavitation reactor set-ups have shown to
achieve cavitating conditions at larger scale as compared to acoustic cavitation (Gogate and Pandit,
2005) and hence has the potential for large-scale applications due to its easy scale-up.

In the present work, the degradation of Dicofol was performed using hydrodynamic cavitation.
Circular orifice plate was employed as the cavitating device of HC reactor. We believe that this is

the first reported investigation utilizing HC cavitation for the effective removal of Dicofol.

39



3.2 EXPERIMENTAL

3.2.1 Materials and equipment

Dicofol [2,2,2-Trichloro-1,1-bis(4-chlorophenyl) ethanol (C14H9Cls0), 99.3%, CAS Number 115-
32-2], Methanol (HPLC grade), Glacial acetic acid (HPLC grade), Potassium hydrogen phthalate
(>99%), Hydrogen peroxide (H20.), n-hexane and Sodium bicarbonate (99.5%) were purchased
from Sigma Aldrich (Malaysia). Ultra-pure deionized water of 15 MQ cm resistivity was obtained
from a water purification system (PURELAB Option-R, ELGA, UK) and was used throughout the
experiment. Agilent nylon syringe filter of 0.45 um pore size and 5 ml syringes were purchased
from IT Tech Research (M) Sdn. Bhd. (Malaysia).

3.2.2 Experimental set-up

3.2.2.1 Liquid whistle reactor (LWR)

The experimental set-up of the liquid whistle hydrodynamic cavitation reactor (LWHCR), called
Benchtop Sonolator™ 2000 (Sonic corporation, CT, USA) is shown in Fig. 3.1, comprises a Model
A CIP Sonolator™, a 2 HP motor, a plunger pump (Giant industries, model P220A, power
consumption 2.2 kW, speed 1460 rpm), an Hitachi variable frequency drive (VFD) inverter, feed
tank of 5 L capacity, flow meter and pressure measuring gauges. The cavitation chamber (length,
0.078 m, width, 0.044 m, height, 0.044 m) has the orifice plate (orifice area, 7.74 x 1077 m?,
diameter 0.0016 m) and a blade (length 0.0268 m; width 0.0222 m; thickness 0.015 m) (Figure 1).

A maximum discharge pressure of 2000 psi (138 bar) could be employed by the pump.
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Figure 3.1. Schematic representation of the experimental set-up of LWHCR (1, feed tank; 2,
plunger pump; 3, PLC control board; 4, digital pressure gauge; 5, analog pressure gauge; 6,
cavitation chamber; 7, orifice; 8, blade; 9, back-pressure valve)

3.2.3 Experimental methodology

A stock solution of Dicofol in methanol was prepared and was stored at 2 °C after performing
acidification by acetic acid. Preparation of working standard solutions were performed regularly
by the dilution of stock solution in methanol and water to the desired concentration. Experiments
were performed at pH 3, except for those conducted to examine the effect of solution pH, while
excluding higher pH (>7) due to hydrolysis of Dicofol at alkaline pH (US EPA, 1998). The
acidification of solution was performed by the addition of glacial acetic acid. For the treatment, 2
L Dicofol solution of desired concentration was placed in the feed tank. Due to Dicofol’s low
aqueous solubility, a co-solvent approach of using methanol along with water was adopted.
Experiments were conducted up to 120 min and the samples were withdrawn at regular intervals
for High performance liquid chromatography (HPLC), Gas chromatography mass spectroscopy
(GC-MS) and Total organic carbon (TOC) analyses. For GC-MS analysis, the extraction of

samples was performed by n-hexane. The inlet pressure was adjusted to 5 bar for initial
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experiments, excluding runs conducted to investigate the effect of inlet pressure. Experiments were
conducted in triplicates and the standard deviations were included. Calibration curves for Dicofol
at the concentrations from 1 to 150 ppm were obtained with a good linearity.

3.3 Analysis

3.3.1 High performance liquid chromatography (HPLC) analysis

Dicofol standard was used for the optimization of HPLC parameters, which has been followed for
the entire analysis. The limit of detection (LOD) and limit of quantification (LOQ) for Dicofol
were noted to be 0.54 and 1.80 mg/L respectively and a good signal to noise ratio was observed.
Samples were injected onto an Agilent HPLC system equipped with an online degasser, quaternary
LC pump (infinity model 1260), an infinity 1260 VWD UV detector for the separation on a
CORTECS™ C18 column (4.6 mm x 100 mm, 2.7 um). The Agilent ChemStation software was
used for instrument control, data acquisition and data analysis. The Dicofol elution was carried out
at a column temperature of 30 °C using an isocratic gradient composed of solvent A (methanol)
and solution B (5 mM aqueous acetic acid) in 80:20 ratio and was detected at a wavelength of 229
nm. The injection volume and flow rate were 20 pL and 1.4 ml/min respectively.

3.3.2 GC-MS analysis

Treated samples followed by extraction through n-hexane were subjected to Gas chromatography
mass spectrometry (GC-MS, Perkin Elmer CLARUS SQ8 S/CLARUS 680) equipped with a
PerkinElmer Elite 5-MS capillary column (length: 30 m, 1.D: 0.25 mm, film thickness: 0.25 um)
and the determination of intermediates was performed qualitatively. The injector temperature was
at 200 °C, the flow rate was 1.0 mL/min and the injection volume was 1 puL. The oven temperature
was at 50 °C for 1 min, which was then increased at 25 °C/min to 125 °C for 0 min and 10 °C/min

to 300 °C for 1 min. The GC interface and the source were at 280 °C and 300 °C respectively.
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3.3.3 TOC analysis

To determine the extent of Dicofol mineralization, the decay in total organic carbon (TOC) content
was monitored using a TOC analyzer (Shimadzu TOC 5050A) equipped with an ASI5000
autosampler. Prior to analysis, all the liquid samples, including blanks and standards were acidified
to pH 2 using hydrochloric acid and instrument calibration was performed using potassium
hydrogen phthalate standards. The inorganic carbon was removed by sparging the samples with
air.

3.4 Results and discussion

HPLC analysis demonstrated a decline in the concentration of Dicofol with treatment time, along
with the appearance of degraded products. A complete disappearance of parent compound along
with degraded products was observed within 60 min of HC treatment. Fig. 3.2 illustrates the
chromatographic comparison of Dicofol at 0 and 30 min of treatment. The detection of parent
compound and comparison between chromatographs were performed with respect to the retention

time of Dicofol standard, which was noted to be at 7-8 min.
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Figure 3.2. Chromatographic representation of (a) Dicofol at 0 min (b) Degraded products along
with Dicofol after 30 min of HC treatment
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GC-MS analysis in full scan mode indicated the presence of Kelthane acetate (C16H11ClsOz) as the
transformed product and 4,4'-Dichlorobenzophenone (DBP, C13HsCl20) as the degraded product,
via GCMS NIST library matching. GC-MS analysis in Selected lon Monitoring (SIM) mode for
the target ion (m/z 139) was performed to monitor Dicofol concentration over treatment time. As
indicated in Fig. 3.3, a gradual decrease in Dicofol concentration was witnessed with respect to
the chromatogram peak intensity. The peak intensity gradually decreased with treatment time and

a complete disappearance of Dicofol was observed after 60 min of HC treatment.
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Figure 3.3. Selected ion monitoring (m/z 139) chromatographic representation of Dicofol and peak
intensity at (a) 0 min (b) 10 min and (c) 30 min of HC treatment

3.4.1 Degradation pathways
The possible degradation mechanism of Dicofol is represented in Fig. 3.4, which is based on the
outcomes obtained from HPLC and GC-MS analyses. The formation of transformed product,

Kelthane acetate could be due to an initial decomposition of Dicofol or radical attack to lose a
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hydrogen atom following subsequent recombination reaction with acetyl moiety (C2H30) which

could have been generated from the degradation of acetic acid.
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Figure 3.4. The proposed degradation pathways of Dicofol after subjecting to HC treatment

As proposed in Fig. 3.4, the degradation could follow different paths (degradation path 1 or 2),
leading to the formation of short chain products as illustrated by equations (1-7) and the detection
of degraded product, DBP also indicated either degradation path 1 or 2 for its formation. Binbin et
al. (2008) and Wang et al. (2015), also reported the formation of degradant DBP via hydroxyl
radical (*OH) mediated oxidative degradation of Dicofol during photocatalytic and

cellulase/Fenton’s based catalytic treatments. While reported results suggested degradation path 1
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(Eq.8 & 9) for the formation of DBP, thermal decomposition type cleavage of CCls moiety as the
degradation initiator is proposed as the alternative degradation pathway in our studies.

Degradation path 1:

*OH
C14HoClsO ———» C14HgCl50e + He (8)
CuHCl:0r —M »  C3HsCI,0 (DBP) + +H )
C14HgCls0° + CoH30 ———» C16H11Cls02 (Kelthane acetate) (10)

Degradation path 2:

(CICeH4)2C(OH)CCls—— (CICsHa)2C(OH) + *CCla (11)
(CICsH4)2C(OH) — > C13HsCl.O (DBP) + +H (12)
C13HsCl,0 ——» Ci3HgO + 2Cl (13)
C13HgO ———— > CgHa + CsH4 + :CO (14)

During HC based treatment, short chain degradation products are expected to follow bond
dissociation energy order and hence aromatic rings are assumed to dissociate at a later stage for
being the most inert. The aromatic intermediates are expected to enter the bubble core and undergo
a series of pyrolytic reactions leading to carbon monoxide and other mineralized products, while
excluding any oxidative transformation pathways.

3.4.2 Effect of initial pollutant concentration

To determine the effect of initial concentration of pollutant on the rate of degradation and to
investigate the order of reaction kinetics, experiments were performed for a range of initial
concentration (20-100 mg/L) of Dicofol. The operating inlet pressure of 5 bar, the solution

temperature of 20 °C and the solution pH of 3 were kept constant during experiments. Rates were
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calculated at different initial concentration of Dicofol and were determined to follow pseudo-first-
order kinetic model, which can be expressed as follows:

C, = Coe™™ (15)
Where, Kk is the apparent rate constant and Co, C; are the concentrations of Dicofol at time “0”” and
“t” respectively. Fig. 3.5 depicts the variation in degradation with respect to the initial

concentration of Dicofol.
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Figure 3.5. Degradation of Dicofol at different initial concentrations: (¢) 20 (=) 50 (4) 80 (x) 100
mg/L

The extent of degradation decreased with an increase in the initial dicofol concentration above 50
mg/L. From Table 3.2, it is evident that the rate constant decreased from 0.031 to 0.017 min for
an increase in concentration from 50 to 100 mg/L. The observed decline in the degradation above
optimum value can be attributed to the fact that a higher concentration of pollutant can lead to the
saturation of cavity interfacial region along with lack of generated radicals induced by HC to
oxidize all pollutant (Merouani et al., 2010). Similarly, Patil et al. (2014) reported that the pseudo-
first-order rate constant for imidacloprid degradation decreased with an increase in its

concentration above 20 mg/L.
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3.4.3 Effect of operating temperature

To investigate the effect of solution temperature on the degradation rate of Dicofol, experiments
were conducted in the temperature range of 20-40 °C, while maintaining the concentration of
dicofol as 50 mg/L, an inlet pressure of 5 bar and a solution pH of 3. The obtained results (Fig.

3.6) suggested 30 °C to be the optimum value for highest rate of degradation.
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Figure 3.6. Degradation of Dicofol at various solution temperatures: (m) 20 (¢) 30 (4) 40 °C

Wang et al. (2009) reported similar observations for alachlor degradation with an increase in the
temperature up to an optimum value of 40 °C. Bubble dynamics demonstrates that the cavitation
intensity and the generation of cavity nuclei reduced with the rise of liquid temperature, because
of a decline in the liquid properties such as viscosity, surface tension and gas solubility, resulting
in the formation of vaporous cavities (Gogate et al., 2003). But, on the other hand, a rise in the
temperature up to the optimum value can enhance the presence of pollutants in collapsing cavities.
Similarly, Bagal et al. (2013) reported a temperature of 35 °C as the optimum value for 2,4-

dinitrophenol degradation, beyond which the degradation rate decreased marginally.
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3.4.4 Effect of inlet pressure

The removal of pollutants by HC depends on the type of cavities (gaseous or vaporous) produced
which is dependent on the inlet pressure and cavitation number. The hydraulic characteristics of
orifice were studied considering the volumetric flow rate at different inlet pressures and cavitation

numbers were estimated according to Eqn. 16. The cavitation number is defined as,

Cv=7T>
2PVq

(16)

Where, P> is the fully recovered downstream pressure, Py is the saturated vapor pressure of the
liquid, p is the density of liquid and v, is the average velocity of liquid at the constriction of

orifice. Fig. 3.7 illustrates pressure distribution across the orifice.
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Figure 3.7. Schematic of the flow and pressure distribution across the orifice
The initiation of cavitation starts at a threshold cavitation number known as cavitation inception
number (Senthilkumar et al., 2000; Saharan et al., 2011). With an increase in inlet pressure, the
volumetric flow rate through the orifice increases and the velocity at the constriction of orifice also
increases, resulting in a decline in cavitation number (Gore et al., 2014). Generally, cavitation
occurs at Cy < 1, but cavities can also be formed at a value greater than 1 owing to the presence
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of dissolved gases and other solid particles in the liquid (Saharan et al., 2011). The inlet pressure
was varied from 3 to 13 bar to determine the optimum pressure for Dicofol degradation, while
maintaining the concentration of dicofol as 50 mg/L, the solution temperature at 30 °C and the pH
at 3. The established relationship between inlet pressure, volumetric flow rate, cavitation number
are represented in Table 3.1 (refer APPENDIX A for detailed calculations).

Table 3.1. Flow characteristics of Dicofol at various inlet pressures of HC

Inlet pressure | Volumetric flow rate (V) | Velocity (vo) Cavitation number (Cy)
(bar) (LPH) (m/s)

3 133 18.47 0.57

5 182 25.16 0.31

7 246 34.07 0.17

9 288 39.81 0.12

13 382 53.18 0.07

It has been observed that the extent of degradation reached maximum at an inlet pressure of 7 bar
(Fig. 3.8). With an increase in inlet pressure and a decrease in cavitation number below 1, the
intensity of cavity collapse increases with the generation of larger quantum of active radicals and
temperature. But, beyond an inlet pressure of 7 bar, the extent of degradation of Dicofol (Table
3.2) decreased, indicating super cavitation, where indiscriminate and rapid growth of bubbles take
place at the downstream of orifice constriction which leads to choked cavitation (Mishra and

Gogate, 2010).
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Figure 3.8. Degradation of Dicofol at various inlet pressures: (A) 3 (m) 5 (¢) 7 (%) 9 (%) 13 bar

Similar observations were reported by Saharan et al. (2011) for the degradation of reactive red 120
dye and have demonstrated that beyond an optimum inlet pressure choked cavitation has resulted
in the decline of degradation. Wang et al. (2009) have reported an increase in the degradation rate
of alachlor with an increase in the inlet pressures from 0.2 to 0.6 MPa, while using swirling jet
cavitation. Joshi et al. (2012) investigated the degradation of dichlorvos using an orifice plate as
the cavitating device and reported that the degradation rate increases up to 4 bar, indicating the
presence of an optimum inlet pressure for the removal of pollutant.

3.4.5 Effect of change in pH on Dicofol degradation

HC degradation of Dicofol was conducted at different initial solution pH in the range of 3-7, while
maintaining Dicofol concentration of 50 mg/L, solution temperature at 30 °C and operating inlet
pressure at 7 bar. The results indicated that the rate of degradation increased with a decrease in
solution pH and the highest rate of Dicofol degradation was achieved at pH 3 (Fig. 3.9), which can
be attributed to faster transport of pollutants towards bubble interfacial region due to their

enhanced hydrophobic nature at acidic conditions (Wei et al., 2016).
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Figure 3.9. Degradation of Dicofol at different pH: (¢) 3, (m) 5, (4) 7

Also, several previous reports suggested acidic medium for the highest rate of pollutant removal
via hydrodynamic cavitation treatment. Bagal et al. (2014) reported a rise in diclofenac sodium
removal from 14.7 to 26.8 % with a change in pH from 7.5 to 4. Similarly, the highest rate of
imidacloprid removal was reported at an optimum pH of 3 (Patil et al., 2014), whereas under
alkaline conditions the extent of degradation was significantly lower.

Table 3.2. Pseudo-first-order rate constants for the degradation of Dicofol under different
operational parameters

Parameter k (min™t) R?
Initial concentration (ppm) | 20 0.028 0.98
50 0.031 0.98

80 0.024 0.98

100 0.017 0.99

Inlet pressure (bar) 3 0.027 0.98
5 0.034 0.99

7 0.047 0.98

9 0.019 0.98

13 0.016 0.95

pH 3 0.047 0.98
5 0.035 0.98

7 0.024 0.99

Solution temperature (°C) 20 0.014 0.98
30 0.031 0.98

40 0.020 0.98
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3.4.6 Effect of H202 addition and radical scavengers test

For advanced oxidation processes (AOPs), addition of hydrogen peroxide has been opted as an
additional source of hydroxyl radicals for the intensification of degradation process. Effect of
hydrogen peroxide on the extent of Dicofol degradation has been investigated and the loading of
H>0> was considered with respect to an optimum concentration of Dicofol. Three ratios of Dicofol:
H>O2 such as (1:0.5), (1:1) and (1:2) were investigated, while maintaining the Dicofol
concentration of 50 mg/L, inlet pressure at 7 bar, pH at 3 and solution temperature at 30 °C. A
significant enhancement in the degradation rate was not observed and the rate increased up to the
loading of 50 mg/L resulting in a complete removal of Dicofol within 60 min of treatment. Beyond
the optimum loading, the scavenging action of hydrogen peroxide for the generated free radicals
can be explained as per Eq. 17.

H20; + 'OH — H20 + HOO' (17)
As H,0; effect is predominant in the solution bulk phase, an increase in the Dicofol degradation
rate indicates bulk phase radical attack to lesser extent and the rate constant (k) enhanced only up

to 0.073 mint in comparison to Dicofol degradation rate constant of 0.047 min* without H2O..
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Figure 3.10. The degradation of Dicofol at various H20> loading: (¢) O, (=) 25, (A) 50, (%) 100
mg/L
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Table 3.3. Effect of H,O> loading on the extent of degradation and kinetic rate constants for
Dicofol

H20; loading (mg/L) | Extent of degradation (%) | Rate constant k (min) | R?
0 94 0.047 0.98

25 95 0.054 0.99

50 100 0.073 0.98

100 96 0.058 0.99

Gore et al. (2014) and Saharan et al. (2012) also reported a similar role of hydrogen peroxide for
the degradation of reactive orange 4 and acid red 88, where the decolorization rate decreased above
an optimum value of H20O- addition. Fig. 3.10 demonstrates the effect of H2O. on the removal of
Dicofol, indicating a faster removal of Dicofol within 60 min for a H20- loading of 50 mg/L.

To evaluate the mineralization efficiency, TOC analysis was performed at 50 mg/L of hydrogen
peroxide loading, while maintaining all other parameters at optimum values, which indicated
significant mineralization of Dicofol within 60 min of treatment. Fig. 3.11 plots the percentage of

TOC removal, demonstrating 85 % removal at the optimum conditions.
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Figure 3.11. TOC removal of Dicofol during 60 min of HC treatment (Experimental conditions:
initial pollutant concentration: 50 mg/L,; solution temperature: 30 °C; inlet pressure: 7 bar; pH: 3;
H>0: loading: 50 mg/L)

54



While combined advanced oxidation processes such as sonophotocatalysis, and ultrasound assisted
electrochemical oxidation of Phenolic compound (Silva et al., 2007) and Perfluorooctanoate (Zhao
et al., 2013), have demonstrated 98 % and 86 % of TOC removal respectively, the effectiveness of
LWHCR in Dicofol mineralization indicated its superior removal efficiency, which could be
attributed to the more intense cavitation events compared to other AOPs.

It is assumed that the degradation of Dicofol would mainly occur at the interfacial region and to
obtain information regarding the reaction zone, sodium bicarbonate was chosen which is a free
radical scavenger for the bulk phase solution (Liao et al., 2001). The involvement of free radical
reaction can be decided if the degradation rate of pollutants declines in the presence of scavengers.
Different sets of experiments were conducted for the loading of sodium bicarbonate i.e. 1 g/L, 2
g/L and 5 g/L, while maintaining all other optimum parameters. The rate constant decreased
marginally in the presence of bicarbonate ions for the entire loading, indicating interfacial region
as the predominant degradation zone with lesser extent of radical reaction in the bulk solution. Yao
et al. (2010) also reported similar result for parathion degradation in the presence of sodium
bicarbonate, where the reaction zones are predominantly the interfacial region. Fig.3.12

demonstrates the percentage of Dicofol degradation during the addition of radical scavenger.
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Figure 3.12. Degradation of Dicofol at various loadings of sodium bicarbonate: (¢) 0, (w) 1, () 2,
(x)59/L

Table 3.4. Effect of addition of radical scavenger on the extent of degradation and Kkinetic rate
constants

Sodium bicarbonate | Extent of degradation (%) | Rate constant k (min) R?
loading (g/L)
0 94 0.047 0.98
1 87 0.035 0.99
2 83 0.031 0.99
5 80 0.027 0.99

The log Kow and Henry’s law constant of Dicofol are 5.02 and 2.4 x 107 atm m*/mol, respectively,
indicating hydrophobic and semi-volatile nature of Dicofol. Also, the vapor pressure of Dicofol is
3.98 x 10" mmHg at 25 °C, and thus falling under the category of gas/particulate mixture, thereby
expected to transport into vapor-liquid interphase rather than being present in the bulk phase,
which is in line with our outcomes of scavenger studies. Thus, thermal decomposition at the
interfacial region is assumed to be the dominant degradation pathway, following radical attack as

the secondary transformation mechanism.
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3.5 Energy efficiency analysis
The energy efficiency of HC cavitation can be evaluated based on the degradation yield which can
be defined as the extent of degradation per unit energy consumed (mg/J). The degradation yield is

expressed as below:

Amount of pollutant degraded
(Pmt)/V

Degradation yield (mg/J) = (18)

Where, Pn is the power of the pump, t is the operation time, and V is the volume of pollutant
solution.

3.5.1 Comparison between Hydrodynamic cavitation and Acoustic cavitation

Till date, Acoustic cavitation has been implemented for successful removal of numerous pollutants
(Panda and Manickam, 2017), but large-scale industrial application has encountered with
numerous difficulties with respect to energy efficiencies, reactor construction etc. Based on our
previous work of acoustic cavitation based Dicofol removal, a comparison on the effectiveness of
both modes of cavitational treatment has been attempted. While ultrasonic generator is the main
energy consuming component for acoustic cavitation, the major energy consuming component of
hydrodynamic cavitation is the pump, which is employed for the circulation of solution through
the reactor. Experiments were conducted at a fixed initial concentration of Dicofol (50 mg/L), at
pH 3 for 60 min of treatment for both types of cavitation reactors. A 20-kHz probe type sonicator
with a supplied power of 375 W was employed for the sonochemical treatment of Dicofol.
Considering the maximum degradation obtained under the optimum conditions, the degradation
yield obtained for acoustic and hydrodynamic cavitation were calculated to be 1.07 x 10 and 1.26
x 10 (mg/J) respectively, which was determined following Eq. 18 (refer APPENDIX B for
detailed calculations), demonstrating degradation yield for HC to be 12 times higher than acoustic

cavitation. Senthilkumar et al. (2000) and Sivakumar et al. (2002) reported HC degradation yield
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to be 3 times and 12 times higher than acoustic cavitation respectively. The degradation yield of
HC was even reported to be 20 times higher than acoustic cavitation for methyl parathion
degradation (Patil and Gogate, 2012) and hence can be considered as more energy efficient
cavitating condition generator.

3.6 Conclusions

The present work has demonstrated that hydrodynamic cavitation can be used efficiently for the
removal of Dicofol. Process intensification has been achieved effectively while considering the
addition of H20O2 and the optimization of essential parameters such as inlet pressure, solution
temperature and initial concentration of Dicofol. Following vital conclusions can be drawn from

the present work:

e HPLC and GC-MS analyses have demonstrated the formation of degraded products.

e The degradation of Dicofol increased with an increase in the inlet pressure up to an
optimum value of 7 bar beyond which a decline in the degradation was witnessed.

e The extent of degradation increases marginally with the addition of hydrogen peroxide up
to the loading of 50 mg/L.

e Experiments conducted in the presence of sodium bicarbonate as radical scavenger
demonstrated interfacial region to be the dominant degradation zone for Dicofol.

e Under optimum conditions, TOC removal reached 85 % within 60 min of treatment,
illustrating the significant mineralization of Dicofol.

e Comparison between acoustic and hydrodynamic degradation yield, demonstrates HC to

be more energy efficient.
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3.7 APPENDIX

A: THE ESTIMATION OF HYDRAULIC CHARACTERISTICS: TABLE 1

Calculation of cavitation number for an inlet pressure of 7 bar

e Inlet fluid pressure = 802145 Pa

e Downstream pressure (P2) = 102145Pa

e Vapor pressure of water at 30 °C (Py) = 4242.14 Pa

e Volumetric flow rate (V) = 246 LPH = 6.85 x 10° m®/s

e Diameter of the orifice constriction (do) = 1.6 mm
Flow area:

(20) == dF =7 x (1.6 x 10%)?=2.01 x 10°¢ m?

Velocity at the throat of the orifice:

v 6.85 x 1075
(Vo) = (a_o) - (2.01 x 10-6) = 34.07 ms

Cavitation number:

P;—Py _ (102145-4242.14) _
Ipv2 ~ (3x1000 x 34.072)

(Cv) = 0.17

B: THE ESTIMATION OF DEGRADATION YIELD
Calculation of degradation yield:
Conditions for Acoustic cavitation:

Ultrasonic horn frequency - 20 kHz
Reaction volume - 100 ml

Supplied electric power — 375 W
Treatment time — 60 min

Percentage degradation obtained — 29 %
Dicofol concentration — 50 mg/L

29 x50

Degradation obtained (mg/L) = Too - 14.5 mg/L

Energy density (J/L) = 3752& (J/L) = 13500000 J/L
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14.5 (%)

Degradation yield = =1.07 x 10 (mg/J)

13500000 (2)

Conditions for Hydrodynamic cavitation:

Reaction volume — 2 L

Power rating of pump (Pm) — 2.2 kW (2200 W)
Treatment time — 60 min

Concentration = 50 mg/L

Percentage of degradation = 100 %

100 x50

Degradation obtained (mg/L) = oo - 50 mg/L
Energy density (J/L) = =" (J/L) = 3960000 J/L

&9

—& —=1.26 x 10° (mg/J
3960000 (2) (mgh)

Degradation yield =
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Chapter 4

Heterogeneous Sono-Fenton treatment of
Decabromodiphenyl ether (BDE-209): Debromination
mechanism and transformation pathways
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Abstract

Polybrominated diphenyl ethers, used as flame retardants are a cause of concern over the past
several years, due to their toxicity, bioaccumulation and widespread distribution. In this work, the
combination of ultrasound and advanced Fenton process was investigated for the degradation of
Decabromodiphenyl ether (BDE-209). The effect of pollutant concentration, solution pH,
ultrasonic power density and loading of Fenton’s reagent on the extent of BDE-209 degradation
were studied. The results indicated an enhancement in the degradation of BDE-209 during Sono-
Fenton treatment, leading to a complete degradation within 80 min of treatment, whereas only 40
% and 25 % degradation were achieved during US and Fenton treatment respectively. To
understand the degradation mechanism, analytical techniques including High performance liquid
chromatography and Gas chromatography mass spectroscopy were employed to monitor the
concentrations of parent compound along with degradation products. The degradation mechanism
was proposed based on the identified degradation products. Total organic carbon (TOC) analysis
demonstrated 60 % TOC removal within 80 min of treatment time. The obtained results suggest
that the initiation of BDE-209 degradation during Sono-Fenton treatment followed thermal
decomposition at bubble-vapor interface along with reductive debromination at the surface of iron,
accompanied by oxidative degradation of lower brominated congeners at liquid bulk. This work
illustrated an effective method for the removal of BDE-209 and providing an efficient wastewater

treatment solution for recalcitrant pollutants.
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4.1 Introduction

Polybrominated diphenyl ethers (PBDES), also referred as brominated flame retardants, are widely
used since 1970 in numerous products, including furniture, electrical equipment, textiles and other
household accessories (US EPA, 2014). The presence of PBDEs have been detected in air,
sediments, surface water, fish, marine animals and even in humans, indicating PBDESs emission
into environment via various routes (US EPA, 2014; Chen et al., 2007; Hites, 2004). Following
the wide distribution and environmental persistence of PBDEs (US EPA, 2013), they have
emerged as contaminants of concern, which are associated with endocrine disruption,
neurodevelopmental toxicity, hepatic toxicity in humans and mammals (Darnerud et al., 2001).
Decabromodiphenyl ether (BDE-209) is the major industrial PBDE product with a global demand
of 54,800 tons out of 67,000 tons PBDESs in 1999 and reaching a production of 56,000 tons in 2003
even after the limitations imposed by several countries on the application of PBDEs (Alaee et al.,
2003; Peng et al., 2009; Andersson et al., 2006). Environmental protection agency (EPA) has
classified BDE-209 as a possible human carcinogen (ATSDR, 2004).

Considering BDE-209’s persistency, an extensive occurrence in environment and toxic nature, an
effective wastewater treatment technique is required for its elimination. Biodegradation has
demonstrated effectiveness in the removal of BDE-209 (Shih et al., 2012; Zhou et al., 2007; Chou
et al., 2013; Gerecke et al., 2005), but longer duration of treatment time and further disposal of the
biotic waste are major drawbacks. Photocatalysis was reported to be successful for BDE-209
removal (An et al., 2008; Stapleton and Dodder, 2008; Christiansson et al., 2009), however, the
requirement of intense UV light limits its environmental remediation application. Advanced
oxidation processes (AOPSs), such as ultrasonic irradiation, has been employed for the removal of

pesticides, dyes, surfactants and phenolic compounds (Kidak and Ince, 2006; Sivasankar and
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Moholkar, 2009), but combination of different AOPs has been reported to be more efficient
compared to individual oxidation process (Panda and Manickam, 2017; Bagal and Gogate, 2014).
Numerous reports on coupled Sono-Fenton based treatment indicated its effectiveness in pollutant
removal (Patil and Gogate, 2015; Jawale and Gogate, 2018). Conventional Fenton process utilizes
FeSO4 as the major source of Fe?* (Lin and Lo, 1997), but associated key issues such as
consumption of reagent and generation of chemical sludge, can be addressed via nZV1 application
as the alternative Fenton heterogeneous reagent. ElShafei et al. (2017) reported successful
degradation of nonylphenol by ultrasonic assisted heterogeneous Fenton like oxidation using nZVI
as a catalyst. The advanced heterogeneous Fenton process (AFP) employs zero valent iron
(mZV1/nZV1) in conjunction with H2O>, preferably under acidic conditions, which leads to Fenton
chain reaction via corrosion of metal iron (Bremner et al., 2006).

US, Fenton and US/Fenton degradation of BDE-209 have been investigated in the present work to
illustrate the effect of combined process. Optimum operational parameters were decided with
respect to the highest degradation rate. To monitor BDE-209 concentration during treatment and
to identify the degradation products, High performance liquid chromatography (HPLC) and Gas
chromatography-mass spectrometry (GC-MS) analysis were conducted. To understand the extent
of BDE-209 mineralization, total organic carbon (TOC) analysis has been performed. This report
has demonstrated the effectiveness of combined US/Fenton treatment for the best possible
degradation of recalcitrant BDE-209 as compared to US or Fenton’s treatment only.

4.2 EXPERIMENTAL

4.2.1 Materials

BDE-209 [Decabromodiphenyl ether (C12Bri00), 98%, CAS Number 1163-19-5], Methanol

(HPLC grade), Hydrogen peroxide (analytical grade, 30% w/w), Potassium hydrogen phthalate
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(>99%), Tetrahydrofuran (THF), acetonitrile, N-hexane and Sodium bicarbonate (99.5%) were
purchased from Sigma Aldrich (Malaysia). A standard solution of 39 PBDE congeners mixture
was obtained from Cambridge Isotope Laboratories (Andover, MA). Nano zero valent iron metal
powder (>99.5%, <45 nm) was obtained from Sigma Aldrich (Malaysia). Ultra-pure deionized
water of 15 MQ. cm resistivity was obtained from a water purification system (PURELAB Option-
R, ELGA, UK) and was used throughout experiment. Agilent nylon syringe filter of 0.45 um pore
size and 5 ml syringes were purchased from IT Tech Research (M) Sdn. Bhd. (Malaysia).

4.2.2 Experiment methodology

The reaction solutions were prepared by diluting an appropriate amount of BDE-209 stock solution
(200 mg/L in THF) with Milli-Q water. Each treatment (US/Fenton, US, Fenton) was performed
in a 100-mL reactor using a 20-kHz ultrasonic probe (CPX 750, 750 W, Cole-Parmer Instruments,
Illinois, USA), whereas the addition of required amount of hydrogen peroxide and iron powder to
the solution was performed during US/Fenton process. Sonication was conducted in pulse mode
and calorimetric procedures (Koda et al., 2003) were adopted to verify the actual ultrasonic power
and the energy dissipated by the transducer into the solution. Appropriate quantity of HSO4 and/or
NaOH was used for pH adjustments. The temperature of reaction mixture solution was maintained
at 25+5 °C using a chiller (Julabo Labortechnik GmbH, Germany). Experiments were conducted
up to 120 min and a powerful magnet was used at the bottom of glass reactor to retain nZVI.
Samples were withdrawn by using a syringe at regular intervals followed by filtration through 0.45
um membrane for analysis. Subsequently nZV1 particles were separated following centrifugation
for 10 min. N-hexane was used to extract BDE-209 in aqueous solutions (1:1, v/v) and the nZVI
particles were subjected to extraction via acetonitrile to completely desorb the adsorbed BDE-209

or its degradation products if present. All extractions were performed thrice, and the combined
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extract was dehydrated by anhydrous sodium sulfate. Prior to GC-MS analysis the combined
extracts were concentrated to 1 mL by rotary evaporation.

4.2.3 Analytical methods

The concentration of BDE-209 was monitored by a HPLC system (Agilent 1200 infinity),
equipped with an online degasser, quaternary LC pump (infinity model 1260), an infinity 1260
VWD UV detector for separation on a CORTECS™ C18 column (4.6 mm x 100 mm, 2.7 pum).
Standards were used for optimization of HPLC parameters, which have been followed for the
entire analysis. The Agilent ChemStation software was used for instrument control, data
acquisition and data analysis. The mobile phase was composed of solvent A (methanol) and solvent
B (ultrapure water) in 95:5 ratio. The column chamber was kept at 30 °C and BDE-209 was
monitored at a wavelength of 235 nm. The injection volume and flow rate were 20 uL and 1.2
mL/min respectively. The retention time of BDE-209 was 8.12 min and the run time was 12 min.
The quantification was performed by constructing a calibration curve of BDE-209 standard.
Identification of products was conducted by GC-MS (Perkin EImer CLARUS SQ8 S/CLARUS
680) equipped with a PerkinElmer Elite 5-MS capillary column (length: 30 m, I. D: 0.25 mm, Film
thickness: 0.25um). Helium gas of chromatographic grade was used as a carrier gas. The injector
temperature was at 300 °C, the flow rate was 1.0 mL/min and the injection volume was 1 pL. The
oven temperature was at 100 °C for 3 min, which was then increased at 5 °C/min to 310 °C and
was finally hold for 15 min. The GC interface and the source were at 300 °C and 250 °C
respectively. The scan range was 60 to 1100 amu.

To determine the mineralization of BDE-209, the decay in total organic carbon content was
monitored using a TOC analyzer (Shimadzu TOC 5050A) equipped with an ASI5000 autosampler.

Prior to analysis, all the liquid samples, including blanks and standards were acidified to pH 2
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using hydrochloric acid and instrument calibration was performed using potassium hydrogen
phthalate standards. The inorganic carbon was removed by sparging the samples with air.

4.2.4 Debromination rate constants

The pseudo-first-order model was used to illustrate the debromination of BDE-209 by US/Fenton
treatment, which can be expressed as follows (Eqg. (19)):

C, = Coe™™ (19)

Where, k is the apparent rate constant and Co, Ct are the concentrations of BDE-209 at time “0”
and “t” respectively. The mean value along with standard deviations obtained from triplicate
experiments are reported.

4.3 Results and discussion

HPLC and GC-MS analysis were performed for three modes of treatments (US, Fenton,
US/Fenton) and the extent of degradation was compared. During all types of treatment, BDE-209
concentration declined with treatment time, but only 40 % and 25 % decline in concentration was
achieved via US and Fenton treatment (Fig. 4.2), which indicates the recalcitrant nature of BDE-
209 towards US or Fenton treatment for rapid transformation. However, during the combined
US/Fenton treatment, a comparatively faster degradation of BDE-209 was observed, leading to 92
% decline in the concentration within 60 min of treatment.

GC-MS analysis was performed in full scan mode and retention time along with mass spectra of
respective new peaks were compared with authentic standards, but due to the lack of some
standards, certain lower brominated congeners were identified qualitatively via NIST library

match. Selected lon Monitoring (SIM) was also performed for target ion (m/z 799) to determine
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BDE-209 concentration over treatment time. Fig. 4.1 illustrates the GC-MS chromatogram of

BDE-209 during US/Fenton treatment.
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Fig. 4.3 plots the percentage of TOC removal within 80 min of US/Fenton treatment. The TOC
removal was up to 60 % at optimum conditions, indicating mineralization of BDE-209 during the

combined treatment.

70

60 -

50 -

40 |

30 A

Percentage (%)

20 A

10 A

0 20 40 60 80 100

Treatment Time (min)

Figure 4.3. TOC removal of BDE-209 within 80 min of treatment (Experimental conditions: initial
concentration: 20 mg/L; power density: 420 W; pH: 2; H.O; loading: 150 mg/L; nZV| loading: 1
mg/L)

4.3.1 Degradation pathways and possible mechanism

During US treatment of BDE-209, the appearance of only Octa, Hexa and Penta-BDE congeners
rather than any Nona and Hepta-BDE degradation products indicated a thermal decomposition
mediated debromination of parent compound leading to indiscriminative removal of bromine,
rather than a sequential reductive debromination of BDE-209, whereas during Fenton’s treatment,
sequential reductive debromination has resulted in the appearance of Nona and Octa-BDE within
60 min of treatment. During only US or Fenton treatment, the absence of lower brominated
congeners within the defined treatment time, indicated the recalcitrant nature of BDE-209 towards
either of the treatments. Shi et al. (2015) also reported similar mechanism indicating BDE-209
could not be effectively degraded in 20 h by conventional oxidizing agents such as Fenton’s
reagent, KMnOg and ozone.
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Considering US/Fenton treatment, Octa-BDE first appeared after 20 min, whereas Hexa-BDE,
Penta-BDE and Tetra-BDE appeared after 40 min of treatment, which remained in considerable
amounts up-to 60 min, following gradual decrease in concentration with treatment time.
Meanwhile, the amounts of Tri-BDE and Di-BDE gradually increased with the treatment time, but
their concentration decreased rapidly. Lower brominated degradation products were observed to
disappear faster than higher brominated degradation products, indicating rapid dehalogenation.
The detection of oxidative products along with lower brominated congeners (Table 4.1), indicated

simultaneous reductive and oxidative process to be occurring for lower brominated products.

Table 4.1. Retention time of the chemical standards in the GC-MS

Number Congeners Retention time (min) | (% abundance)
1 BDE-7 13.45 85
2 BDE-15 13.97 82
3 BDE-17 16.24 84
4 BDE-28 16.91 88
5 BDE-66 20.92 91
6 BDE-77 21.15 93
7 BDE-100 24.43 84
8 BDE-99 25.12 95
9 BDE-126 25.72 89
10 BDE-154 27.44 78
11 BDE-153 28.75 97
12 BDE-138 28.84 84
13 BDE-156 29.52 81
14 BDE-197 34.94 76
15 BDE-196 34.71 92
16 BDE-203 34.93 94
17 BDE-209 42.45 97
18 Phenol 8.450 80
19 p-Hydroquinone | 10.14 77
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The detection of lower brominated congeners and oxidative products such as Phenol and p-
Hydroquinone during US/Fenton treatment demonstrates the successive hydroxylated oxidation of
Mono-BDEs as the final stage of transformation and hence indicating the enhanced debromination
of BDE-209 during the combined treatment. Based on the identification of degradation products

during combined US/Fenton treatment, the degradation pathway is proposed as represented in Fig.
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A two-step degradation pathway is proposed for BDE-209 degradation via successive elimination

of bromine atoms as the first step of debromination, leading to the formation of lower brominated

75



congeners and oxidative degradation of lower brominated congeners as the second step. The role
of Fenton’s reagent can be understood by considering the fact that Nano zero valent iron (nZVI)
exhibits high Fenton-like oxidative activity towards lower brominated diphenyl ethers and
halogenated organic compounds (Xu et al., 2013; Xu and Wang, 2011; Luo et al., 2011), whereas
less effective towards fully brominated diphenyl ethers such as BDE-209, due to their extremely
stable symmetrical structure. After the removal of halides from the aromatic ring, it was found that
halogenated compounds provide less resistance towards oxidative degradation (Monserrate and
Haggblom, 1997). Luo et al. (2011) reported that diphenyl ether can be mineralized effectively in
a Fe/Ag/H20. system subjected to ultrasound treatment and Lin et al. (2014) demonstrated PCB28
degradation via Fenton-like oxidation process using goethite, indicating that reactive radicals are
only capable of attacking lower brominated BDEs along with water soluble halogenated organic
compounds. Also, heterogeneous reaction on iron surface could simultaneously results in reductive
debromination of parent BDE-209 and short chain congeners. Our experimental outcomes
confirmed the previously stated results that additional active radicals generated by Fenton’s
reagent promoted further debromination and degradation of lower brominated degradation
products. Overall, the initial decomposition of BDE-209 is proposed to be a function of both
interfacial thermal decomposition during sonolysis along with reductive debromination of parent
compound at nZVI surface, following successive hydroxylation along with oxidation of lower
brominated congeners at liquid bulk and bubble interfacial region. The increased probability of
simultaneous oxidative and reductive debromination of lower brominated congeners at liquid bulk
and at nZVI1 surface can be attributed to their enhanced aqueous solubility (Table 4.2) compared

to the parent compound.

76



Table 4.2. The aqueous solubility of PBDE congeners

PBDE congener | Aqueous solubility (mol/L)
209 1.28 x 10710
203 4,69 x 1010
190 5.63 x 10°°
138 1.20 x 10
99 3.55 x 108
47 9.44 x 10°®
17 1.26 x 10°®
7 1.06 x 10°
1 2.90 x 10°

4.3.2 Effect of initial concentration on degradation

The initial concentration of pollutant is one of the important factors to determine its extent of
degradation under specific experimental conditions. The concentration of BDE-209 was varied
from 10 to 100 mg/L while maintaining pH at 2, power density of 420 W, 150 mg/L of H20:
loading and with an iron loading of 0.5 mg/L. The degradation rate hindered from 0.019 min to
0.005 min! for an increase in the concentration from 20 to 100 mg/L (Fig. 4.5), demonstrating 20

mg/L to be the optimum value.
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Figure 4.5. Degradation of BDE-209 at different initial concentration: (m) 10, () 20, (A) 50, (%)
70, (X) 100 mg/L (Experimental conditions: power density: 420 W; pH: 2; H2O> loading: 150
mg/L; nZVI loading: 0.5 mg/L)
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Above the optimum concentration of pollutant, the surface of bubbles is expected to be saturated
and hence a decline in the degradation rate was witnessed, whereas at lower concentration a decline
in the degradation rate indicates lesser evaporation of pollutant into the bubble-vapor interfacial
region (Panda and Manickam, 2017). Also, the decline in degradation rate can be attributed to the
inactiveness of nZV| surface for being fully occupied at higher pollutant concentration. Similarly,
Khataee et al. (2016) reported the importance of optimum pollutant concentration for US/Fenton
removal of Reactive Red 84.

4.3.3 Effect of solution pH on degradation

Experiments were conducted in the pH range of 2-10 at 20 mg/L BDE-209 (initial concentration),
while maintaining 150 mg/L of H2O> loading, iron loading of 0.5 mg/L and ultrasonic power
density of 420 W. As demonstrated in Fig. 4.6, the degradation rate constant (k) increases up to

0.019 min' (Table 4.3) with the decrease in pH value, which reached the maximum at pH 2.

25
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Figure 4.6. Degradation of BDE-209 at various solution pH: () 2, (m) 5, (A) 10 (Experimental
conditions: initial concentration: 20 mg/L; power density: 420 W; H20: loading: 150 mg/L; nZVI
loading: 0.5 mg/L)

The enhancement in degradation under lower pH values could be due to higher amount of ferrous
ion production as iron powder is easily dissolved in acid solution and the associated production of
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higher amount of hydroxyl radicals as the outcome (Walling, 1975). Also, the higher production
of ferrous ion can be attributed to the removal of outer iron oxide layer of nZV1 and the subsequent
enhanced oxidation of inner Fe? part (Eq. (20)) at low pH.

Fe® — Fe?" +2¢e~ (20)
Due to hydrophobic (log Kow: 6.26) and semi-volatile nature of BDE-209 (Henry’s constant: 1.62
x 10 atm m®/mol), it is expected to be present at bubble vapor interfacial region rather than at
liquid bulk or bubble core. Also, at acidic pH, the BDE-209 constituents are present in molecular
form rather than the ionic form and hence the transport of neutral species of BDE-209 to the
interfacial region enhances, leading to faster thermal decomposition. Previous reports suggested
that a faster sonolytic degradation of semi-volatile and non-volatile organic pollutants was
observed at low pH, due to the increased hydrophobicity of protonated species leading to higher
accumulation of molecules at the interfacial region of the cavitation bubble (Wei et al., 2016).
4.3.4 Effect of ultrasonic power density on degradation

As illustrated in Fig. 4.7, the effect of acoustic power on BDE-209 degradation rate was monitored
by varying power density between 150 to 450 W, while initial concentration of BDE-209, loading
of Fenton’s reagent, and pH value were kept constant at optimum values following the previous

section.
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Figure 4.7. BDE-209 degradation at various ultrasound power density: (x) 150 (=) 225 (¢) 420
(A) 450 W (Experimental conditions: initial concentration: 20 mg/L; pH: 2; H20- loading: 150
mg/L; nZVI loading: 0.5 mg/L)

The application of ultrasound during US/Fenton process not only creates effective radicals
required for the degradation but also continuously cleans the surface of iron powder to avoid the
accumulation of pollutants and to promote further surface reactions (Namkung et al., 2008). Also,
ultrasonic irradiation results in faster dissolution of iron, resulting in larger surface area and
enhanced mass transfer rate of organic pollutants between the liquid phase and the surface of iron
powder. The corrosion of metal iron and mixing intensity of solution enhances with the increase
in ultrasonic powder density due to the high pressure and turbulence generated during bubble
collapse event (Hung et al., 2000). The degradation rate increased with the increase in power
density up-to 420 W, beyond which a decline in the degradation rate was observed, which could
be attributed to the coalescence of bubbles at higher power levels, leading to lower efficiency of
energy transfer into the reaction solution (Bagal and Gogate, 2014).

4.3.5 Effect of Fenton’s reagent loading on degradation

Oxidation process that utilizes activation of H2O. by the addition of iron powder is termed as

Fenton’s oxidation, which was effective in the removal of several pollutants in water. Since,
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hydroxyl radicals are being generated by the sonolysis of water, adding iron powder in the presence
of hydrogen peroxide in acid solutions produces ferrous ions, which would later react with
hydrogen peroxide to generate hydroxyl radicals (Walling, 1975), resulting in the enhancement of
the degradation efficiency of pollutant. As the generation of hydroxyl radicals is dependent on
hydrogen peroxide and the concentration of iron loading, the optimum value affects the
degradation efficiency. To decide the optimum loading of Fenton’s reagent, different sets of
experiments were conducted for H.O> addition between 50 to 200 mg/L and iron powder addition
between 0.5 to 2 mg/L. Figs. 4.8 and 4.9 illustrate the effect of H.O, and iron loading on the

degradation of BDE-209 respectively.
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Figure 4.8. BDE-209 degradation at various H.O> loading: (w) 50, (#) 150, (A) 200 mg/L
(Experimental conditions: initial concentration: 20 mg/L; power density: 420 W; pH: 2; nZVI
loading: 0.5 mg/L)

It could be seen that the degradation rate constant increased up-to a loading of 150 mg/L H20- and

an iron loading of 1 mg/L beyond which the rate declines (Table 4.3), which could be attributed to

the production of larger number of ferrous ions that act as hydroxyl radical scavenger.
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Figure 4.9. BDE-209 degradation percentage at various nZVI loading: (m) 0.5 (¢) 1 (A) 2 mg/L
(Experimental conditions: initial concentration: 20 mg/L; power density: 420 W; pH: 2; H20>
loading: 150 mg/L)

Addition of either nZV1 or H20, beyond the optimum loading could result in the scavenging of
*OH radicals and the formation of perhydroxyl radical (HOO-), resulting in a rapid interaction
among HO- radicals to generate H.O> and thereby reducing the presence of oxidative radicals.

Table 4.3. Pseudo-first-order rate constants for the degradation of BDE-209 under different
operational parameters

Parameter k (min?) | R?
BDE-209 concentration (mg/L) | 10 0.012 0.98
20 0.019 0.99
50 0.016 0.99
70 0.010 0.97
100 0.005 0.97
pH 2 0.019 0.99
5 0.013 0.98
10 0.007 0.99
Power density (W) 150 0.005 0.97
225 0.006 0.99
420 0.019 0.99
450 0.012 0.97
H>0> loading (mg/L) 50 0.011 0.99
150 0.019 0.99
200 0.015 0.99
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nZV1 loading (mg/L) 0.5 0.019 0.99
0.045 0.98
2 0.025 0.99

[EEN

4.4 Control experiments

Control experiments in the presence of nZV1 only, H20. only and US/nZVI1 were performed to
verify their effect on BDE-209 degradation. While only marginal degradation was observed during
the addition of H,O> alone, a 18 % degradation was witnessed for nZVI, which indicates the
recalcitrant nature of BDE-209 precursor compounds towards oxidation at the early stage of
degradation. The combination of US/nZV1 has resulted in 64 % degradation (Table 4.5) within 80
min of treatment under optimum parameters.

To compare the extent of Ferrous ion generation during Fenton only and the combined US/Fenton
after 60 min, evaluations were performed for the pH range of 2-10, while maintaining H>0: loading
of 150 mg/L and ultrasonic power density of 420 W. The concentration of Fe?* in the aqueous
solution was highest at pH 2, which indirectly indicates that the iron oxide shell was fully dissolved
and Fe® was oxidized. It is assumed that the degradation of BDE-209 during the combined
US/Fenton treatment, would initiate via thermal decomposition at the bubble-vapor interfacial
region with simultaneous reduction at nZV1 surface, following oxidative degradation at later stage.
To obtain information regarding the reaction zones, sodium bicarbonate was chosen which is a
free radical scavenger for the bulk phase solution. Different sets of experiments were conducted
for the loading of sodium bicarbonate i.e. 1 g/L, 3 g/L and 5 g/L, while maintaining all other
optimum parameters. The extent of degradation decreased up to 27 % (Table 4.4) in the presence
of bicarbonate ions for 5 g/L loading, indicating simultaneous radical driven reaction in the bulk

phase during combined US/Fenton process, which could be attributed to the oxidation of lower
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brominated congeners. Fig. 4.10. demonstrates the effect of radical scavenger on BDE-209

degradation.
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Figure 4.10. Degradation of BDE-209 at various loadings of sodium bicarbonate: (¢) 0, (m) 1, (A)
3, (¥) 5 g/L (Experimental conditions: initial concentration: 20 mg/L; power density: 420 W; pH:
2; H202loading: 150 mg/L, nZV1 loading: 1 g/L)

Table 4.4. Effect of addition of radical scavenger on the extent of degradation and kinetic rate
constants

Sodium bicarbonate | Extent of degradation (%) | Rate constant k (min) R?
loading (g/L)
0 100 0.045 0.98
1 85 0.023 0.98
3 76 0.018 0.98
5 73 0.016 0.98

4.5 Comparison of degradation efficiency with different processes

The synergistic effect of combined US/Fenton treatment on the degradation of BDE-209 was
calculated considering the rate constants obtained from the individual treatment methods of US
and Fenton along with overall US/Fenton. The synergy index (f) of the coupled method was

calculated by the following Eq. (21) (Panda and Manickam, 2017).

. k US+Fenton) _— 0.045 _—
Synergy index = ( = = 1.96 21
y gy (f) k(US)+k(Fent0n)+k(nZV1+US) 0.007+4+0.0044+0.012 ( )
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Where Kus), Krenton), and Kus+renton) are the reaction rate constants of US, Fenton and US/Fenton

respectively.
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Figure 4.11. The (¢) US/Fenton, (m) US/nZVI, (A) US and (x) Fenton processes of BDE-209

degradation

During the combined process (US/Fenton), the degradation rate constant (k = 0.045 min') of BDE-

209 was found to be higher than the sum of the rate constants of individual processes. Table 4.5

provides comparison among individual treatments with respect to the synergistic effect.

Table 4.5. Comparison of the combined process of US/Fenton with individual process (US and

Fenton)
Initial concentration of BDE-209: 20 mg/L; pH: 2; ultrasound power density: 420 W; nZVI
loading: 1 mg/L; H202 loading: 150 mg/L
System Extent of degradation (%) | Rate constant, k (min) | R? Synergistic index (f)
Only Fenton 25 0.004 0.98 -
Only US 40 0.007 0.99 -
uUS/nzVi 64 0.012 0.99 -
US/Fenton 100 0.045 0.98 1.96
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The results indicated a very high synergistic effect (f ~ 1.96) during the US/Fenton treatment of
BDE-209 at optimum conditions, which could be attributed to the simultaneous effect of
ultrasound and Fenton’s reagent for both pyrolytic as well as oxidative degradation of pollutants.
4.6 Conclusions

The combined US/Fenton treatment demonstrated a complete transformation of BDE-209 into
lower brominated congeners and oxidative products, which was proposed to follow a two-stage
transformation mechanism. The results indicated the appearance of debrominated congeners
during US and Fenton’s treatment alone, whereas the appearance of lower brominated congeners
along with oxidative products during combined US/Fenton process, clarifies the role of both US
and Fenton reagent for the enhancement in degradation process. The complete transformation of
BDE-209 within 80 min of treatment, illustrates the importance of acidic solution pH, optimum

ultrasonic power density along with an optimum loading of Fenton’s reagent.
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Chapter 5

Sonolytic mineralization of Hexabromocyclododecane:
kinetics and influencing factors
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Abstract

Hexabromocyclododecane (HBCD), a brominated flame retardant, is under the list of Stockholm
convention of persistent organic pollutants of concern. The sonochemical degradation of HBCD
in aqueous media has been investigated using a 20-kHz probe type sonicator with power inputs
from 150 to 450 W. The degradation rate was determined as a function of concentration of HBCD,
bulk phase temperature, pH, ultrasonic power density and the addition of H.O2 At optimum
operating conditions, the degradation rate constant (k) was determined to be 0.118 min™. High
performance liquid chromatography was employed for the quantification of parent compound,
which indicated the complete disappearance of HBCD within 40 min of sonochemical treatment.
Gas chromatography mass spectroscopy analysis was performed for the identification of
transformed products. Total organic carbon (TOC) analysis demonstrated a removal of 72 % TOC,
indicating mineralization of HBCD. The obtained results suggested the degradation of HBCD to
follow thermal decomposition at the bubble-vapor interface as the dominant pathway along with
free radical attack and recombination of short chain intermediates as successive steps of
transformation. A Daphnia magna bioassay was performed to evaluate the ecotoxicity of HBCD
and its transformed products. Overall, the outcomes of this study clearly demonstrate that HBCD

can be effectively removed by sonochemical treatment.
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5.1 Introduction

Hexabromocyclododecane (HBCD), widely used as a flame retardant has been listed under the
Stockholm Convention (2013), as a persistent organic pollutant. HBCD has been used in the
coating of textiles, in high-impact polystyrene (PS) for electrical equipment along with PS based
consumer products, as an additive of expanded and extruded polystyrene foams (Covaci et al.,
2006; Marvin et al., 2011) and as flame retardant. Currently, HBCD is regarded as the third highest
brominated flame retardant used after tetrabromobisphenol-A and decabromodiphenyl ether
(Alaee et al., 2003). Considering the wider usage, the principal release of HBCD to the
environment might result from numerous routes such as emissions during production, leaching
from consumer goods or by disposal (Marvin et al., 2011; Arnot et al., 2009). The higher
bioaccumulation potential, environmental persistency and the toxic effects of HBCD on humans,
wildlife as well as on aquaculture livestock have marked it as a ubiquitous contaminant (Ronisz et
al., 2004). The screening level risk assessments conducted by United Nations Environment
Program and Stockholm Convention acknowledged its persistence, bioaccumulative and toxic
nature (Marvin et al., 2011; Birnbaum and Staskal, 2004).

Due to severe health impacts and worldwide presence of HBCD, the employment of an effective
wastewater treatment technique is of significance for its elimination. Even though biodegradation
(Davis et al., 2006) and degradation by autochthonous microflora (Stiborova et al., 2015) have
been reported to be successful in the removal of HBCD, but the requirement of comparatively
longer duration of treatment is a major drawback. Faster degradation of HBCD by zero valent iron
(Tso and Shih, 2014) and mechanochemical treatment (Zhang et al., 2014) have also been reported,
but mineralization has not been achieved yet. Photodegradation demonstrated a HBCD removal of

54.8 % within 80 min of treatment (Zhou et al., 2014), indicating the incompetence of photolysis
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based advanced oxidation process as well. On this context, in our investigation, the proposed
sonochemical treatment provides advantages over the previously employed techniques that include
faster and effective removal of HBCD with efficient utilization of energy. Several investigations
on sonochemical degradation of recalcitrant organic pollutants such as DDT, diclofenac etc.
indicated the competence of sonolysis in achieving a successful removal (Thangavadivel et al.,
2009; Chowdhury and Viraraghavan, 2009; Naddeo et al., 2010).

In the present work, the sonochemical treatment of HBCD has been performed to investigate the
degradation pathways and the extent of mineralization. High performance liquid chromatography
(HPLC) and Gas chromatography-mass spectrometry (GC-MS) have been employed to monitor
the concentration of parent compound and to identify the transformed products, respectively. The
quantification of parent compound was performed considering an external calibration curve with
respect to HPLC data. Total organic carbon (TOC) analysis has been performed to illustrate the
extent of HBCD mineralization. In addition, the toxicity of HBCD and its products generated
during the sonochemical treatment were assessed. We believe that this is the first reported
investigation on the sonochemical treatment of HBCD for its successful removal.

5.2 EXPERIMENTAL

5.2.1 Materials

Hexabromocyclododecane (HBCD, Ci2HigBrs, 99%), n-hexadecane (99%, employed for
extraction and injection solvent for gas chromatography), acetonitrile (HPLC grade, >99.9%),
methanol (HPLC grade, >99.9%), Potassium hydrogen phthalate (>99%) and Hydrogen peroxide
(H202, 30%) were purchased from Sigma Aldrich (Malaysia). All aqueous solutions were prepared
with high purity water (Milli-Q water). Agilent nylon syringe filter of 0.45 um pore size and 5 ml

syringes were purchased from IT Tech Research (M) Sdn. Bhd. (Malaysia).
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5.2.2 Sonochemical experiments

For sonication, a co-solvent approach of using methanol along with water was adopted because of
low aqueous solubility of HBCD. Extraction of the sonicated samples by n-hexane was performed
before GC-MS analysis due to the limitation of analytical instrument. HBCD solutions were
prepared by dissolving 50 mg of HBCD in 100 ml methanol followed by the addition of ultrapure
water to achieve a final solution concentration of 160 to 270 uM. Sonochemical treatment was
performed in a 100-mL reactor using a 20 kHz ultrasonic probe (Cole-Parmer Instruments, Illinois,
USA) and the applied ultrasonic power range was varied between 150 to 450 W. The temperature
of reaction mixture was maintained between 15 to 40 °C using a chiller. Sonication was performed
in the pH range of 3 to 14. Sonochemical treatment was conducted for 60 min and aliquots were
withdrawn at every 10 min interval for HPLC, GC-MS and TOC analysis. The treated solutions
were neutralized with 2N NaOH (Merck) for toxicity assays. Each experiment was repeated three
times and standard deviation of the triplicate experiments were included in the corresponding
figure.

5.3 Chemical analysis

5.3.1 HPLC analysis

The analysis of HBCD was performed using an Agilent HPLC system equipped with an online
degasser, quaternary LC pump (Agilent infinity model 1260), an Agilent infinity 1260 VWD UV
detector for the separation on a CORTECS™ C18 column (4.6 mm x 100 mm, 2.7 um). The
HBCD elution was carried out at a column temperature of 25 °C using an isocratic gradient
composed of solvent A (acetonitrile) and solvent B (water) in 80:20 ratio and the detection was
carried out at a wavelength of 215 nm. The injection volume and flow rate were 20 puL and 1

ml/min respectively. The retention time of HBCD was 4 min. The Agilent ChemStation software
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was used for instrument control, data acquisition, and data analysis. Calibration curves were
constructed at five concentration levels and analyzed in triplicate.

5.3.2 GC-MS analysis

The transformed products of HBCD were determined qualitatively using GC-MS equipped with a
PerkinElmer Elite 5-MS capillary column (length: 30 m, 1.D: 0.25 mm, Film thickness: 0.25 um).
The injector temperature was at 250 °C and the flow rate was 1.0 mL/min. The oven temperature
was at 150 °C for 0.5 min, which was then increased at 15 °C/min to 300 °C, and then sustained at
this temperature for 5 min. The detector temperature was at 345 °C and the GC interface along
with ion source temperatures were at 250 °C. Total run time was 15 min and HBCD retention time
was 13.18 min.

5.3.3 Mineralization study

To determine the extent of HBCD mineralization, the decay in total organic carbon content was
monitored using a TOC analyzer (Shimadzu TOC 5050A) equipped with an AS15000 autosampler.
Prior to analysis, all liquid samples, including blanks and standards were acidified to pH 2 using
hydrochloric acid and instrument calibration was performed using potassium hydrogen phthalate
standards. The inorganic carbon was removed by sparging the samples with air.

5.3.4 Ecotoxicity assessment

Toxicity measurements were performed using Daphtoxkit FTM magna toxicity test for samples
collected at regular intervals during the treatment. This test is based on the observation of the
Daphnia magna immobilization after 24 hours of exposure to the untreated and treated samples.

Toxicity analysis was conducted according to the ISO 6341 (1996) standard protocol.
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5.4 Results and discussion
In the present investigation, HPLC chromatogram (Fig. 5.1) indicated a gradual decrease in the
concentration of HBCD and a complete disappearance of the parent compound within 40 min of

treatment time.
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Figure 5.1. HPLC chromatograph of HBCD at (a) 0 min (b) 30 min of treatment
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Eight transformed products of HBCD have been detected during GC-MS analysis (Table 1). 2-(1-
Bromo-2-ethoxy-p-methoxy-phenethyl)-3-phenyl-quinazolin-4(3H)-one  (C2sH23BrN203), 1,2-
Bromooctadecanal (CigH3sBrO), I-Leucine, N-(2-bromobenzoyl)-decyl ester (C23HzsBrNO3),
11,13-Dimethyl-12-tetradecen-1-ol acetate (CisH3402), 12-methyl-E,E-2,13-octadecadien-1-ol
(C19H360), 13-heptadecyn-1-ol (C17H320), 2-Hexadecanol (C16H340), Z,Z-2,5-Pentadecadien-1-

ol (C1sH280) were identified after 10 min of sonication (Fig. 5.2).
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Figure 5.2. Chromatographic representation of (a) HBCD standard (b) transformed products

However, additional transformed products having lower molecular weight and/or vapor pressure
compared to n-hexane may be present because of their coelution with the extraction solvent and
due to low solubility in n-hexane to be extracted for GC-MS analysis. Also, poor ionization of
numerous degradants during mass spectroscopy analysis can be attributed to the presence of
additional undetected products. Table 5.1 indicates the estimated water solubility, Log P, retention
time and molecular weight of the identified transformed products, justifying the detection of only
hydrophobic products. The identified transformed products of HBCD during GC-MS analysis and

the possible reaction pathways are represented in Fig. 5.3.
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Table 5.1. GC-MS retention time and spectral characteristics of HBCD transformed products

Compound Molecular | Retention time | Similarity | Solubility LogP
weight (min) (%) (25 °C) (mg/L)
C15H280 224 4.65 81 1.146 5.65
Ci16H340 242 5.69 78 0.1727 6.87
C17H320 252 591 82 0.2046 6.47
C19H360 280 6.95 80 0.01357 7.38
C18H3402 282 7.20 78 0.006017 7.01
CisHssBroO 347 9.71 83 0.00102 8.42
C23H3sBrNO3 453 11.89 84 - -
C25H23BrN203 478 12.98 86 - -
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Figure 5.3. Proposed transformation of HBCD during sonolysis. Dashed line represents the
proposed pathways, whereas the solid line represents the identified products during GC-MS
analysis
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The transformation of HBCD under ultrasonication is proposed to follow a three-step mechanism
that includes: (1) the pyrolytic cleavage/thermal decomposition of vicinal bromine; (2) formation
of ring opening products followed by the formation of short chain intermediates at the bubble-
vapor interfacial region where the pressure gradients and temperatures are still high enough to
induce thermal effects; (3) recombination of short chain radicals (*CxHy : X = No of carbon atoms,
y = No of hydrogen atoms) along with the attack of numerous radicals (He, *OH, *CH3) at the
interfacial region and at the bulk liquid medium. Thermal decomposition of HBCD is proposed to
follow respective bond dissociation energy order (Table 5.2) for bond cleavage. Since the vapor
pressure of HBCD is 4.7x107 mm Hg (Table 5.3), it falls under the category of gas/particulate
mixture (EPA, 2014) and thus the transport of larger amount of HBCD into the bubble-liquid
interfacial region is expected in comparison to its presence at bulk liquid phase during the
cavitation event.

Table 5.2. Individual chemical bonds of HBCD and their corresponding bond dissociation
energies

Bond Bond dissociation energy
(kJ/mol)

C-Br 280

C-H 337.2

Cc-C 607

Table 5.3. Properties of HBCD

Compound | MW \ Log Kow Vp W5 HLC pKa
HBCD 641.7 | 6 x 10° | 5.625 47x107 | 3.4 |1.167 x 10* Not expected to
dissociate under
normal
environmental
conditions

MW: molecular weight, g/mol; V: volatility, Pa (21°C); Log Kow: octanol-water partition coefficient
Vp: vapor pressure, mmHg (20°C); Ws: water solubility, ug/L (25°C);
HLC: Henry’s law constant, atm-m*/mol; pKa: dissociation constant
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Volatility of pollutants plays a vital role in deciding the predominant cavitational degradation
region. Sivasankar and Moholkar (2009) reported the degradation of phenol, chlorobenzene,
nitrobenzene, p-nitrophenol and 2,4-dichlorophenol based on their water solubility and volatility.
Reported results suggested that phenol is not expected to evaporate into the bubble due to its
nonvolatile nature and hence the degradation mechanism of phenol is expected to follow
hydroxylation, whereas chlorobenzene is expected to evaporate into the bubble and undergo
pyrolytic decomposition due to its volatile and hydrophobic nature. But semi-volatile (Table 5.3)
and hydrophobic pollutants such as HBCD are expected to follow bubble-liquid interfacial region
as the predominant region of degradation with mixed probability of thermal decomposition and
free radical attack. Sonolysis is known to generate hydroxyl radicals following the dissociation of
water molecules (Egn.22) and numerous reactive radical species (Yao et al., 2010) due to the

sonolytic cleavage of dissolved oxygen and nitrogen in the solution (Egns. 23-25).

H,0 - H + OH’ (22)
0,320 (23)
.0+ Hy0 > 20H (24)
N, +H = NH +N° (25)

As proposed in Fig. 5.3, the preliminary degradation of HBCD could have resulted in the formation
of partially debrominated intermediates and completely debrominated products at the bubble-
vapor interfacial region via cleavage of vicinal bromine. The second stage of degradation is
proposed to form HBCD ring opening products via thermal decomposition of aromatic ring,
following simultaneous radical attack to generate numerous recombined transformed products
such as CigHssBrO, CigH3402, Ci9H360, Ci17H320, Ci6H340, CisH2gO either in the bubble

interfacial region or in the bulk liquid phase with the formation of C, CO and CO- as end products.
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Products such as C2sH23BrN20Os and C23H3sBrNOs indicate the active role of N2 and radical attack
on the degraded products of HBCD. Addition of additives such as methanol other than H>O> or
Fenton’s reagent has been reported to enhance the degradation of pollutants significantly as
methanol generates *CH3, *CH2OH and "OH radicals (Neta et al., 1996; Gonzalez et al., 2007),
which has been assumed to play a similar role in HBCD degradation in our study. A higher rate of
Rhodamine 6G degradation has also been reported with the addition of methanol (Bokhale et al.,

2014). The thermolysis of methanol can generate the following species (Eqns. 26,27).

CHy0H - CH; +- OH (26)

Alegria et al. (1989) reported the formation of several carbon centered radicals (¢C, *CH, *CH>)
during the sonolysis of surfactants such as dodecyl sulfate, dodecyltrimethylammonium bromide,
n-octyl-p-D-glucopyranoside (OGP). Tauber et al. (1999) reported the formation of t-butanol-
derived radicals, following subsequent recombination to form 2,5-dimethylhexane-2,5-diol as the
transformed product during sonolysis of anoxic aqueous solutions of t-butanol. Also, Yao et al.
(2010) reported the generation of *C2Hs short chain radicals and their subsequent recombination
with other degraded products during sonolysis of parathion. However, the actual transformation
pathway of HBCD is too complex to draw all possible routes because of the generation of
numerous ring opening products along with recombination that may occur concurrently.

Black carbonaceous particles were observed visually after 40 min of sonication in pulse mode
under optimized parameters, indicating the generation of carbon during the sonochemical
treatment of HBCD. The generation of C, CO along with CO> as end products must have taken
place according to the proposed scheme (Fig. 5.3). The formation of carbonaceous particles via

pyrolytic conditions during sonolysis are consistent with the results observed by Hart et al. (1990)
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and Gonzélez-Garcia et al. (2010), where they observed the formation of carbonaceous particles
during sonolysis of acetylene and chlorinated organocompounds.

Fig. 5.4 plots the percentage of TOC removal within 40 min of sonochemical treatment,
demonstrating the extent of HBCD mineralization. The TOC removal was up to 72 % at optimum

conditions, indicating a significant mineralization of HBCD during sonochemical treatment.
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Figure 5.4. HBCD, (#) (%) Inhibition of Daphnia magna and (m) TOC removal (%)
Toxicity evaluation of HBCD has resulted in 30 % immobilization of Daphnia magna for the
untreated samples, whereas 40 % immobilization for the 20 min treated samples after 24 h of
exposure. The initial degradation of HBCD may have led to the formation of more toxic
debrominated products as compared to the parent compound, leading to an increase in Daphnia
magna immobilization with treatment time. Fig. 5.4 shows the comparison in percentage of
Daphnia magna inhibition for the untreated HBCD to treated solution after 24 h of exposure.
During sonochemical process, the acute toxicity again dropped after 20 min, reaching 5 %
immobility at the end of 40 min of treatment which could be attributed to further degradation of

toxic intermediates. Due to the complicated nature of transformed products, it was difficult to
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figure out the individual responsible degradant for the substantial increase in toxicity. It should be
noted that the concentration of HBCD employed in the current study is much higher than the
nominal concentration of EPA, which demonstrated no acute toxicity within 48 h of exposure to
Daphnia magna (EPA, 2014).

5.4.1 Reaction kinetics of HBCD

The pseudo-first-order kinetic model was used to evaluate the effect of operational parameters on
HBCD degradation. Based on Eqn. 28, plots of C: versus irradiation time (t) were produced (Fig.
5.5-5.9) according to the HPLC data obtained during different operational parameters.

C, = Coe™™ (28)
where, K is the measured degradation rate constant and Co, C; are the concentrations of HBCD at
time “0” and “t” respectively.

Considering all the studied parameters during the sonochemical treatment of HBCD, the
experimental data fit well to the pseudo-first-order model. Table 5.4 lists the values of pseudo-first
order degradation rate constant (k), and the linear regression coefficient (R?) for all operating
parameters. The highest rate of HBCD removal was obtained after the addition of hydrogen
peroxide, while maintaining other essential parameters at their optimum values.

5.4.2 Effect of initial concentration on the degradation HBCD

The extent of pyrolytic destruction of semi-volatile pollutants is dependent on their concentration
and hydrophobicity, which define their ability to migrate towards the bubble-liquid interface
(Serpone et al., 1994). The concentration of HBCD was varied from 160 to 270 uM while
maintaining the operating temperature at 30 °C, pH at 3, power density of 375 W and 20 ppm H20>
loading. The degradation rate enhanced up to an initial concentration of 200 uM, beyond which a

decline in the rate was witnessed.
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Figure 5.5. Degradation of HBCD at various initial concentrations: (m) 160, () 200, (A) 220, (x)
250 uM
At the initial concentrations of 160 uM and 200 puM, the results indicated a degradation rate

constant of 0.061 min™ and 0.118 min™ (Table 5.4) respectively. The degradation rate scarcely
increased beyond the optimum concentration of 200 uM. Similarly, Mendez-Arriaga et al. (2008)
observed an optimum concentration of 5 mg/L for Ibuprofen followed by a relatively constant
degradation rate at higher concentrations.

5.4.3 Effect of acoustic power on degradation

The extent of applied ultrasonic power is a vital factor in the sonochemical degradation of
pollutants, as it can alter the generation of number of active cavitation bubbles (Merouani et al.,
2010). The effect of acoustic power on HBCD degradation was monitored by varying the power
(150-450 W) at an operating solution temperature of 30 °C, while maintaining the concentration
of HBCD at 200 uM, pH of 3 and a H20O. loading of 20 ppm. Fig. 5.6 illustrates the power

dependence of HBCD on its degradation.
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Figure 5.6. Degradation of HBCD at different ultrasonic power levels: (A)150, (w) 225, () 375,
(x) 450 W

The calculated pseudo first order rate constant was 0.118 min™* for an acoustic power of 375 W. It
is evident that the rate constants increased with a rise in acoustic power up to 375 W beyond which
a decline in the degradation rate was observed. By increasing the power up to the optimum value,
the energy of cavitation enhanced following more violent implosion. It has been reported that an
increase in the acoustic intensity up to a maximum value of 8.4 W/cm? and 110 W/cm? enhanced
the degradation rate of Ofloxacin (Hapeshi et al., 2013) and Nitrotoluenes (Chen and Huang, 2011)
respectively, beyond which a decline in the degradation was observed.

5.4.4 Effect of operating temperature on the degradation of HBCD

A change in the operating temperature affects the cavitation intensity owing to the variation in the
physiochemical properties of the liquid medium (Golash and Gogate, 2012). By using the cooling
system, the operating temperature was controlled to vary over a range of 15-40 °C, while
maintaining the concentration of HBCD at 200 uM, pH of 3, power density of 375 W and H>0>
loading of 20 ppm. The operating temperature of 30 °C has been found to be optimum for the

highest rate of HBCD degradation.
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Figure 5.7. Degradation of HBCD at different temperatures: (®) 15 °C, (¢) 30 °C, (A) 40 °C

Varying the operating temperature affects the formation of type of cavities (gaseous or vaporous)
as well as affecting the kinetic rate constant of the components subjected to degradation
(Evgenidou et al., 2005). Previous studies on bubble dynamics indicated that a linear decrease in
the collapse pressure is witnessed with a rise in the bulk liquid temperature (Gogate et al., 2003;
Gogate and Pandit, 2004). Vichare et al. (2000) reported similar observations during the energy
analysis of collapsing bubble, which illustrates that the released energy during the collapse of
vaporous cavity is lesser than gaseous cavity. The degradation of 4-chlorophenol enhanced at a
lower operating temperature (Jiang et al., 2006). Bhatnagar and Cheung (1994) and Wu et al.
(1992) observed that the degradation of trichloroethylene (TCE) and carbon tetrachloride was not
affected with a change in the temperature between 7-20 °C and 20-60 °C, respectively, whereas
Destaillats et al. (2000) reported that the sonochemical degradation of TCE increased with a rise
in the temperature. At high temperature, semi-volatile or nonvolatile molecules may migrate easily

from the bulk solution to the interfacial region, but at the same time a decline in the bubble collapse
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intensity could result, hence demonstrating that optimum temperature for the highest rate of
degradation is pollutant-specific.

5.4.5 Effect of change in pH

Sonochemical degradation of HBCD was conducted at different solution pH in the range of 3-14
at an operating temperature of 30 °C, while maintaining HBCD concentration of 200 uM, power
density of 375 W and H20: loading of 20 ppm. The highest rate of HBCD degradation was
achieved at pH 3 (Fig. 5.8), which can be attributed to the faster transport of short chain
intermediates towards bubble interfacial region due to their enhanced hydrophobic nature at acidic
conditions.
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Figure 5.8. Degradation of HBCD at different pH: (¢) 3, (m) 7, (A) 12

Even though HBCD does not undergo ionization, the enhancement in degradation rate at lower pH
could be attributed to the change in the properties of degraded products. Several previous reports
suggested that a faster sonolytic degradation was observed at low pH for semi-volatile and non-
volatile organic pollutants, owing to the increased hydrophobicity of protonated species, resulting
in an enhanced accumulation of molecules at the bubble interfacial region (Wei et al., 2016).
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5.4.6 Effect of addition of H202

In the presence of ultrasonic irradiation, hydrogen peroxide was observed to dissociate into
hydroxyl radicals (Eqgn. 29), thereby acting as an additional source of free radicals. Also, it can act
as a scavenger of the generated free radicals (Eqn. 30) beyond the optimum concentration.

H,0, - OH* + OH" (29)
H,0, + OH* —--HO, + H,0 (30)
HBCD is known to be recalcitrant towards hydroxylation and to verify the effect of H.O> on HBCD
degradation, the concentration of H>O, was varied over the range of 10-50 ppm, while maintaining
the operating temperature at 30 °C, concentration of HBCD at 200 uM, power density of 375 W
and pH at 3. Addition of H.O> up to 20 ppm loading enhanced the degradation rate of HBCD (Fig.
5.9), indicating that the short chain intermediates must have gone through significant radical attack
via simultaneous hydroxylation at the interface and at bulk region. Beyond the optimum loading
of 20 ppm, the degradation rate was hindered, illustrating the scavenging effect of H2O> on the

generated hydroxyl radicals.
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Figure 5.9. Degradation of HBCD at different H.O loading: (m) 10, () 20, (4) 30, (%) 50 ppm
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Control experiments were also conducted considering an identical dosage of H.O> to understand
its effect on HBCD in the absence of sonochemical treatment. No degradation product was
detected in the absence of sonication, justifying the recalcitrant nature of HBCD towards

hydroxylation.

Table 5.4. Pseudo-first-order rate constants for the degradation of HBCD under different
operational parameters

Parameter k (mint) R?
Initial concentration (uM) 160 0.061 0.967
200 0.118 0.957
220 0.033 0.989
250 0.025 |0.981
Acoustic Power (W) 150 0.053 0.989
225 0.066 0.978
375 0.118 0.957
450 0.041 0.992
Solution temperature (°C) 15 0.076 0.994
30 0.118 | 0.957
40 0.052 0.993
pH 3 0.118 0.957
7 0.068 0.960
12 0.038 | 0.973
H20> loading (ppm) 10 0.065 0.980
20 0.118 0.957
30 0.052 0.968
50 0.032 0.984

5.5 Conclusions

The sonochemical treatment has demonstrated to be an effective and efficient technique for the
removal of HBCD. The outcomes demonstrated a complete disappearance of HBCD within 40
min of treatment under optimum parameters of 375 W acoustic power, 30 °C solution temperature,

pH of 3, 200 uM pollutant concentration and for the 20 ppm HO: addition. GC-MS analysis
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indicated the formation of transformed products. TOC removal reached 72 % within 40 min of
sonication at optimum conditions, which illustrated a significant mineralization of HBCD. The
first step of HBCD degradation is proposed to follow thermal decomposition at bubble liquid
interface following radical attack and recombination of short chain intermediates at the later stage

of transformation.
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Chapter 6

Kinetics and mechanism of low frequency ultrasound
driven elimination of trace level aqueous
Perfluorooctanesulfonic acid and Perfluorooctanoic

acid
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Abstract

Perfluorinated surfactants such as Perfluorooctanesulfonic acid (PFOS) and Perfluorooctanoic
acid (PFOA) are the most investigated persistent organic pollutants due to their adverse health
concerns and inertness in elimination. The sonochemical treatment of PFOX (PFOS and PFOA)
in aqueous media has been investigated using a 20-kHz transducer type sonicator with power
inputs from 150 to 375 W. The degradation rate was determined as a function of concentration of
PFOX, bulk phase temperature, pH and ultrasonic power density. Liquid chromatography mass
spectroscopy analysis indicated the complete disappearance of PFOX within 80 min of treatment.
Change in the bulk phase temperature from the optimum value of 20 °C indicated detrimental
effect on the degradation rate and decline in the ultrasonic power decreased PFOX degradation
rate. The reaction rate increased with an increase in the concentration of PFOX in the range of 20-
220 pM indicating a pseudo first order kinetics, beyond which a decline in the degradation rate
was witnessed. The obtained results suggest that the degradation of PFOX followed thermal
decomposition at bubble-vapor interface as the dominant pathway followed by the pyrolysis of

intermediates inside the bubble.
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6.1 Introduction

Perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS), altogether called PFOX,
are under the family of perfluorinated surfactants. PFOX has been used in various applications
including cosmetics, stain repellants, fabric protectors, preparation of insecticides, textile
treatment, production of firefighting foams and in various photolithographic chemicals in
semiconductor industries for the past 50 years (German 2014; EFSA 2008). Additionally, PFOA
finds its dominant use as an emulsifier for the polymerization of fluoropolymers such as
polytetrafluoroethylene (PTFE or Teflon). The higher bioaccumulation potential, environmental
persistency and the toxic effects of PFOX on humans, wildlife as well as on aquaculture livestock
have marked it as a ubiquitous contaminant. PFOX is associated with adverse health concerns such
as tumor development, gastrointestinal irritation, body weight reduction, weariness, liver damage
and development of cancer among various living species (US EPA 2014; US EPA 2016; ASTDR
2009). The median concentration of PFOX in surface water was reported to be in 3 ng/L, whereas
in wastewater treatment effluent the concentrations are 24 ng/L and 11 ng/L for PFOA and PFOS
respectively (Zareitalabad et al. 2013).

PFOX is recalcitrant towards oxidation and resistant to conventional treatment technologies due
to their unique physiochemical properties leading to more thermally stable and a weakly
polarizable structure (Goss 2008; Goss 2006; 3M 1999; Vecitis et al. 2009). Even though
technologies such as nanofiltration, reverse osmosis and activated carbon etc. were effective in
PFOX removal from wastewater, but subsequent incineration of the adsorbent medium is
necessary for the complete destruction of PFOX. Advanced oxidation processes utilizing hydroxyl
and oxygen radicals such as alkaline ozonation, peroxone or Fenton’s reagent have demonstrated

to be relatively ineffective for the elimination of PFOX (Vecitis et al. 2009). Sonochemical based
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wastewater treatment was successful in the complete removal of PFOX at higher sonication
frequency (200 kHz-1 MHz) for the concentrations range of 10 nM to 500 uM (Rodriguez-Freire
et al. 2015; Cheng et al. 2010; Vecitis et al. 2008; Moriwaki et al. 2005), whereas low frequency
(40 kHz) sonication in combination with carbonate radical, sulfate ions had shown moderate
effectiveness for PFOA (120 nM-120 uM) removal (Phan Thi et al. 2014; Lin et al. 2015). As the
presence of PFOX in the contaminated water/wastewater matrix are reported to be in trace level
only (6-58 pM), the effectiveness of low frequency ultrasound (20 kHz) for the elimination of low
concentration PFOX needs to be investigated, which could lead to a greater energy efficient
sonochemical wastewater treatment.

In the present work, low frequency driven sonochemical treatment of PFOX has been investigated.
The effect of operational parameters such as ultrasonic power, pH, initial concentration and
solution temperature on the extent of PFOX degradation was also examined. The degradation by-
products of PFOX were monitored and quantified by liquid chromatography tandem mass
spectroscopy (LC-MS/MS). Considering complications in quantitation and detection of trace level
of PFOX via LC/MS analysis, our investigation has demonstrated the necessary precautions to be
implemented during analysis.

6.2 EXPERIMENTAL

6.2.1 Materials

Perfluorooctanoic acid (CsHF1502, PFOA, 99%), Perfluorooctanesulfonate (CsF17SOsK, PFOS,
99%), Perfluoroheptanoic acid (PFHpA, CsF13COOH, 99%), Perfluorohexanoic acid (PFHxA,
CsF1.COOH, 97%), Perfluoropentanoic acid (PFPA, C4FsCOOH, 97%), Heptafluorobutyric acid
(PFBA, C3F7COOH, 99%) and Pentafluoropropionic acid (PFPrA, CyFsCOOH, 97%),

Trifluoroacetic acid (TFA, CFsCOOH, 99%), Tert-butyl alcohol, N-hexane, Methanol (HPLC
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grade) and Ammonium acetate (HPLC grade) were purchased from Sigma Aldrich (Malaysia). All
these chemicals were used as-received without further purification. All aqueous solutions were
prepared with high purity water (Milli-Q water). Agilent nylon syringe filter of 0.45 um pore size
and 5 ml syringes were purchased from IT Tech Research (M) Sdn. Bhd. (Malaysia).

6.2.2 Sonochemical experiments

The stock solutions were prepared by dissolving PFOX in Milli-Q water and was stored at 2 °C.
Working standard solutions were prepared regularly by the dilution of stock in water to a desired
concentration range from 20 to 2000 pM. Sonochemical experiments were performed in a 100-mL
reactor using a 20 kHz ultrasonic probe (Cole-Parmer Instruments, Illinois, USA) and the applied
ultrasonic power range was varied between 150 to 375 W. The temperature of reaction mixture
was maintained between 10-40 °C using a chiller. Sonication was performed in the pH range from
2 to 7. Appropriate quantity of HoSO4 and/or NaOH was used for pH adjustments. Sonication was
performed for 120 min and aliquots were withdrawn at regular intervals for LC-MS analysis. Each
experiment was repeated three times and the standard deviation of the triplicate experiments are
included in the corresponding figure.

6.3 Chemical analysis

6.3.1 LC-MS analysis

PFOX samples were placed into polypropylene vials (1.5 ml) instead of glass vials owing to the
potential loss of analyte due to the adsorption to the glass wall. Also, the Teflon septa of vials were
replaced to avoid PTFE contamination. 20 pL of collected samples were injected onto a Varian
212-LC for separation on a CORTECS™ C18 column (4.6 mm x 100 mm, 2.7 pm). The HPLC
separation was carried out at a column temperature of 40 °C using a gradient composed of solvent

A (methanol) and solution B (5 mM aqueous ammonium acetate). The gradient expressed as
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changes in solvent A was as follows: 0-1.0 min, 30% A; 1.0 to 7.0 min, 30 to 90% A; 7.0 to 10.0
min, 90% to 30% A. The flow rate was 200 uL/min. Considering the properties of PFOX including
polarity, acidity and electronegativity, negative ESI interface was adopted as the ion source for
ionization and LC effluents were analyzed with a Varian 320-MS. Single ion monitoring was
performed for the precursor ion of PFOS (m/z=499) and PFOA (m/z=413) and the ESI mass spectra
was obtained. The electrospray conditions were as follows: nitrogen curtain gas flow: 10.0 L/min;
API drying gas: 20 psi at 200 °C; API nebulizing gas: 40 psi; Detector: 1900 V; Needle potential:
-4500 V; Shield potential: -600 V.

PFOX was quantified by multiple reaction monitoring (MRM) using the most abundant
precursor/product ion transitions (499 — 80 for PFOS and 413 — 369 for PFOA), whereas the
second MRM transitions (499 — 99 for PFOS and 413 — 169 for PFOA) were used as qualifiers.
The primary MRM transitions were used for the guantification, while the secondary transitions
were used for the ion ratio confirmation to eliminate false positive results. The product ion of
PFOA with the m/z value of 368.9 was generated via the decarboxylation of the precursor ion,
whereas for PFOS its product ion with the m/z value of 79.7 was SO3". The parameters of MS
segment were as follows: Capillary voltage (V): PFOS: -95 and PFOA.: -45; CID gas: 2.4 mTorr.
The observed detection signal was very less for PFOA at the optimal fragmentor voltage of PFOS
(200V). PFOA s relatively fragile and its precursor signal drops off at 160 V, while PFOS is
considered to be harder than PFOA to break apart and thereby exhibiting a higher fragmentor
voltage compared to PFOA. The optimum ionization and fragmentation conditions for PFOS and
PFOA were as follows: PFOS and PFOA: Dwell time (ms):100; PFOS transition (499—99) &
(499—80): Fragmentor energy (V): 200; Collision energy (eV): (499—99):48 and (499—80):49;

PFOA transition (413—369) & (413—169): Fragmentor energy (V): 80; Collision energy (eV):
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(413—369): 8.5 and (413—169): 16. Good signal to noise ratio (S/N) was obtained after following
essential precautions to avoid unwanted background contamination. The sonochemical products
of PFOX were measured by LC/MS/MS in MRM mode. Calibration curves for perfluoro
compounds at concentrations from 1 pg/mL to 10 ng/mL were constructed and good linearity was
observed.

6.3.2 Precautions during detection

Reported data suggested that perfluorinated compounds (PFCs) could be present in LC systems,
for example, in the tubes of chromatographic system and at degasser membrane (Lee et al. 2008),
resulting in the interference which is difficult to eliminate. Depending on the analytical conditions,
PFOA could be present in the online degasser and in the flow line, which may accumulate in the
analytical column (Shimadzu 2011). Also, PTFE components of labware and LC instrument such
as autosampler needle as well as mobile phases are the dominant sources of PFC contamination.
Also, elevated base line and unknown interference peaks could result in the MRM transitions,
because of the identical molecular weight of some of the carboxylic acids as compared to PFOA.
Several blank samples of reagent (MeOH or MeOH/water) were injected to the LC-MS system
prior to the sample analysis to reduce the unwanted interference of PFCs and the background
contamination was evaluated with reference to the signal response. Detection of PFOX during
initial blank injection can be attributed to the possible absorption of PFOX onto the surface of pre-
column pipeline and the particles packed in the chromatographic column (Tang et al. 2014). The
problem was resolved by relatively high initial proportion of organic mobile phase (30% MeOH)
and comparatively higher end time elution with 100% MeOH followed by a longer stabilization

run time.
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6.4 Results and discussion

Degraded products of PFOX were identified within 40 min of sonolysis under the same parameters
followed for PFOX standard (Figure 6.1) and the disappearance of intermediates after 80 min of
sonication demonstrates the complete removal of PFOX. The LC/MS/MS acquisition was
performed in MRM mode by following the transitions m/z 413.0-369 (PFOA), m/z 363-319
(PFHPA), m/z 313-269 (PFHXA), m/z 263-219 (PFPA), m/z 213-169 (PFBA), m/z 163-119
(PFPrA) and m/z 113-69 (TFA) for sonicated PFOS samples, which confirmed the formation of
degradation products corresponding to Perfluorooctanoic acid (PFOA), Perfluoroheptanoic acid
(PFHpA), Perfluorohexanoic acid (PFHxA), Perfluoropentanoic acid (PFPA), Heptafluorobutyric
acid (PFBA), Pentafluoropropionic acid (PFPrA), Trifluoroacetic acid (TFA) respectively. The
sonicated solution of PFOA was also monitored following the MRM transitions of m/z 363-319,
m/z 313-269, m/z 263-219, m/z 213-169, m/z 163-119 and m/z 113-69 respectively and the
appearance of degraded products confirmed the identical degradation mechanism of PFOA as
compared to PFOS. The difference of m/z between these peaks are 50 and could be assigned to
CF3(CF2)nCOO (n = 0-6) ions because of the formula weight of CF as 50. It could be anticipated
that the ions were formed by the dissociation of CF, from PFOX. Figure 6.1 shows the total ion

chromatogram (TIC) of PFOX along with the MRM transition spectra of its degraded products.
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Figure 6.1. Chromatographic representation of (a) ESI mass spectra of PFOS and PFOA parent
ions (b) MRM spectra of PFOS and PFOA (c) MRM spectra of degraded products of PFOS after
60 min of sonication

As both PFOS and PFOA molecules have a hydrophobic (perfluoroalkyl) and a hydrophilic group
(acid), they are considered to be anionic surfactants. Since PFOX is considered as nonvolatile,
pyrolysis inside the bubble should be excluded. PFOX coupled with its small Henry’s constant
precludes its diffusive transfer to the bubble vapor phase. Thus, interfacial pyrolytic decomposition
appears to be the primary pathway for the sonochemical degradation of PFOX. Therefore, it could

be assumed that most of the PFOX molecules are pyrolyzed at the gas-liquid interfacial region

resulting in complete mineralization. The identified degraded products of PFOX via LC-MS/MS
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and the possible degradation pathways in consideration of cavitation bubble mechanism are
represented in Fig. 6.2.

To verify the degradation mechanism of PFOX, sonolysis in the presence of tert-butyl alcohol
(TBA) was also conducted, which is known as free radical scavenger of the gaseous regions and/or
interfacial regions (Song et al. 2006). PFOX degradation rate inhibited a little in the presence of
TBA for both loading (0.5 & 5 mM), indicating the degradation mechanism to be thermal
decomposition driven rather than being radical dependent.

Conceptually, interfacial pyrolysis can be considered into two fundamental steps. The first step
involves the diffusion and adsorption of PFOX to a transiently cavitating bubble-liquid interface
followed by a second step involving thermal decomposition at the interfacial region along with the
pyrolytic degradation of intermediates inside the bubble core. The pyrolytic degradation of PFOS
at the bubble-water interface involves the loss of part of ionic sulfonate functional group leading
to the formation of short chain fluorinated intermediates. These fluorinated intermediates are
expected to enter the bubble core and undergo a series of pyrolytic reactions leading to C1 fluoro-
radicals and the gradual conversion of C1 fluoro-radicals into carbon monoxide, carbon dioxide,
HF, and fluoride ion. The obtained results suggest that the primary intermediates produced during
PFOX degradation seem to have much shorter half-lives than their precursors, which can be
attributed to the high Henry’s constant values (Table 6.1) of the intermediates as compared to their
precursors, resulting in faster evaporation of degraded intermediates into the bubble core. Similar
observations had been reported by Vecitis et al. (2008), demonstrating the faster degradation of

intermediates as compared to the parent compound of PFOX.
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Figure 6.2. (a) Cavitation bubble and PFOX degradation: adsorption and thermal decomposition
of PFOX parent compound at bubble-bulk interfacial zone and pyrolytic degradation of
intermediates inside the bubble core (gas phase) (b) The products identified by LC-MS/MS and
the proposed degradation pathways of PFOS under ultrasonic irradiation
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Table 6.1. Henry’s constants of PFOX and their degradants

Compound Henry’s constants (atm-m3/mol)
PFOS 1.85x 107!
PFOA 2.02x 10710
Perfluoroheptanoic acid (PFHpA) 2.22x 10710
Perfluorohexanoic acid (PFHxA) 2.51x 10710
Perfluoropentanoic acid (PFPA) 3.22x 10710
Heptafluorobutyric acid (PFBA) 4.99x 10°
Pentafluoropropionic acid (PFPrA) 3.47x 10°
Trifluoroacetic acid (TFA) 1.24x 107

6.4.1 Significance of low frequency for the trace level elimination of PFOX
The relationship between frequency, the size of bubble and final temperature generated within the

bubble can be explained by a simplified numerical assumption (Eqgn. 31).
R _
Ty = To(-22)*0~D @y

Toand Tt are the temperatures of the bulk liquid and final temperature of the gas within the bubble,
whereas Ro and Rmax are the initial and maximum bubble radius and vy is the ratio of specific heat
capacities (Cp/Cy) of the gas/vapor mixture. It demonstrates the changes in the generation of
temperature with frequency during the collapse of bubble since Tt is proportional to the cube of its
fractional change in the radius of bubble. Usually a bubble of initial radius Ro grows for a few
acoustic cycles until it reaches a maximum value Ry, which is at least two to three times of its
initial radius following a collapse during the next acoustic compression half cycle. As the
frequency of sonication increases, Rm decreases and the time available for bubble nucleation and
growth also decreases, which leads to a less violent bubble collapse (Riesz et al. 1985; Merouani

and Hamdaoui 2016).
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Bubbles excited by low frequency waves are reported to have a resonance radius of ~170 um (at
20 kHz), resulting in stable cavities with an average life-time of ~10 us (Ince et al. 2001). Hence
during low frequency cavitation, the collapse stage is delayed until the elapse of a number of
compression and rarefaction cycles, during which adequate solutes can accumulate at the
interfacial region (Ince et al. 2001). The extent of pyrolytic destruction of non-volatile pollutants
is directly related to their concentration and hydrophobicity, which govern their ability to migrate
towards the bubble and/or to accumulate at the bubble—liquid interface (Serpone et al. 1994).
Alegria et al. (1989) investigated the site of degradation of non-volatile surfactants by ultrasonic
irradiation using 50 kHz and reported that surfactants orient themselves radially in the interfacial
region with their polar head groups pointing to the bulk solution. At higher concentrations, the
adsorptive tendency of non-volatile solutes on non-polar surfaces of bubbles was verified by the
exhibition of saturation type kinetics, typical of Langmuirian behavior (Serpone et al. 1994), which
can be applied for PFOX of higher concentrations leading to rapid saturation at the interfacial
region, making low frequency sonication ineffective. But in case of trace level concentration of
PFOX, the solute can evade the saturation phenomena and can be effectively degraded at the
interfacial sheath, where pressure gradients and temperatures are still high enough to induce
thermal effects.

6.4.2 Reaction kinetics of PFOX

The pseudo-first-order kinetic model was used to evaluate the effect of operational parameters on
the degradation of PFOX. Based on Eqn. 32, plots of C; versus irradiation time (t) were made as
shown in Fig. 6.3.

Ct == Coe_kt (32)
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Where, k is the measured rate constant and Co, C; are the concentrations of PFOX at time “0” and
“t” respectively.

6.4.3 Effect of initial concentration of PFOX on its degradation

The initial concentration of pollutant is one of the significant factors affecting the efficiency of
degradation. While several reported results suggest a decline in the degradation rate with an
increase in the initial concentration of the pollutant, some of the investigations reported that an
optimum concentration of the pollutant led to the highest rate of degradation (Chowdhury and
Viraraghavan 2009; Panda and Manickam 2017; Vecitis et al. 2008). The extent of pyrolytic
destruction of semi-volatile or non-volatile pollutants is dependent on their concentration and
hydrophobicity, which define their ability to migrate towards the bubble-liquid interface and to
accumulate (Serpone et al. 1994). The concentration of PFOX was varied from 20 to 2000 pM
while maintaining the operating temperature at 20 °C, power density of 375 W and pH at 2. The
degradation enhanced up to an initial concentration of 220 pM of PFOS and 180 pM of PFOA
beyond which a decline in the degradation rate was witnessed, indicating as the optimum
concentration for the highest rate of degradation. Under identical conditions, the rate constant of
PFOA was higher than PFOS (Table 6.2) and a complete disappearance of PFOA was observed
within 70 min of treatment, indicating faster removal of PFOA as compared to PFOS. Above the
optimum concentration of PFOX, the surface of bubbles is expected to be saturated and hence a

decline in the degradation rate was witnessed.
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Figure 6.3. Degradation of PFOX at various initial concentrations (a) PFOS, (b) PFOA

Vecitis et al. (2008) reported that at higher concentrations (>20 uM), excess PFOS cannot
evaporate into cavitation bubbles following the saturation of bubble-water interfacial adsorption
sites, which lead to a decline in the degradation efficiency (Yang et al. 2013). Similarly, Mendez-
Arriaga et al. (2008) observed an optimum concentration of 5 mg/L for Ibuprofen followed by a

relatively constant degradation rate at higher concentrations.
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Table 6.2. Pseudo-first-order rate constants for PFOX under different initial concentration

Concentration (pM) k (mint) R?
PFOS PFOA PFOS [ PFOA | PFOS |PFOA
20 20 0.024 |0.031 | 0.96 0.98
220 180 0.068 | 0.075 | 0.97 0.98
400 400 0.014 | 0.019 | 0.99 0.99
600 600 0.009 |0.011 | 0.99 0.98

6.4.4 Effect of operating temperature on degradation

The operating temperature of the solution plays a vital role in the degradation of pollutants during
cavitation-based processes. A change in the operating temperature during cavitation affects the
cavitation intensity owing to the variation in the physiochemical properties of the liquid medium
(Golash and Gogate 2012). By using the cooling system, the operating temperature was controlled
to vary over a range of 10-40 °C, while maintaining the concentration of PFOX at 200 pM, power
density of 375 W and pH of 2. The operating temperature of 20 °C has been found to be optimum
for the degradation of PFOX and the obtained results suggest that increasing temperature beyond
an optimum value resulted in a significant decrease in the degradation efficiency. Varying the
operating temperature affects the cavitational intensity and the type of cavities formed (gaseous or
vaporous) as well as affecting the kinetic rate constant of the components subjected to degradation
(Evgenidou at al. 2005). Previous studies on bubble dynamics indicated that a linear decrease in

the collapse pressure is witnessed with a rise in the bulk liquid temperature (Gogate et al. 2003).
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Figure 6.4. Degradation of PFOX at different temperatures: (m) 10 °C, (¢) 20 °C, (a) 40 °C

At high temperature, PFOX migrates easily from the bulk solution to the interfacial regions, but at
the same time a decline in the bubble collapse intensity could result with a rise in temperature.
Similarly, Lin et al. (2015) and Yang et al. (2013) reported the detrimental effect of higher
sonochemical reaction temperatures on the degradation of PFOX.

6.4.5 Effect of acoustic power on degradation

The extent of applied ultrasound power is one of the vital factors in the sonochemical degradation
of pollutants, as it can alter the generation of number of active cavitation bubbles (Merouani et al.
2010). The correlation between sonochemical reactions and the applied power can be illustrated
as follows: (1) the rate and the generation of number of active bubbles increase with an increase
in the power density, (2) an increase in the size (Rm) of individual bubbles with an increase in
power. An increase in Rmresults in higher collapse temperature because of the conversion of higher
available potential energy into heat (Kanthale et al. 2008). (3) Mixing intensity increases with an

increase in the power density because of the turbulence produced from cavitational effects. The
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effect of acoustic power on the degradation of PFOX was monitored by varying the power (150-
410 W) at an operating temperature of 20 °C, at PFOX concentration of 200 pM, and at pH 2 to

decide the optimum conditions. Fig. 6.5 shows the average degradation of PFOS and PFOA

(PFOX) with respect to the change in power density.
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Figure 6.5. Degradation of PFOX at different ultrasonic power levels: () 150, (m) 225, (¢) 375 W

It is evident that the rate constants increased with an increase in acoustic power up to 375 W
beyond which a decline in the degradation rate was observed. By increasing the power, the energy
of cavitation enhanced following a more violent implosion up to the optimum value. It has been
reported that an increase in the acoustic intensity up to a maximum of 8.4 W/cm? and 110 W/cm?
enhanced the degradation efficiency of Ofloxacin and Nitrotoluenes (Panda and Manickam 2017),
beyond which a decline in the degradation was observed. The optimum power dissipation and its
effectiveness in pollutant removal are dependent on the reactor configuration and the pollutant

employed, beyond which cavitation events may be affected or reduced marginally.
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6.4.6 Effect of pH on the degradation of PFOX

The pH of the reaction solution plays a vital role in deciding the rate and the extent of degradation
of pollutants. Sonochemical degradation of PFOX was conducted for solution pH in the range of
2-7, at an operating temperature of 20 °C, while maintaining the power density of 375 W and an
initial concentration of 200 pM of PFOX. While the highest rate of removal efficiency was
observed under acidic conditions (Fig. 6.6), but only a marginal change in the degradation rate was
witnessed at higher pH. Owing to low pKa values of PFOS and PFOA (Table 6.3), PFOX will be
present in the ionized forms in the pH range of 2-7 and hence the degradation mechanism followed

a similar pattern at different pH values.
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Figure 6.6. Degradation of PFOX at different pH: (#) 2, (m) 5, (&) 7
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Table 6.3. pKa values of PFOX and their degradants

Compound pKa
PFOS <1.0
PFOA -05t02.8
Perfluoroheptanoic acid (PFHpA) -2.29
Perfluorohexanoic acid (PFHxA) -0.16
Perfluoropentanoic acid (PFPA) 0.31
Heptafluorobutyric acid (PFBA) 0.4
Pentafluoropropionic acid (PFPrA) | 0.18
Trifluoroacetic acid (TFA) 0.3

6.5 Conclusions

In the present study, the degradation of low concentration/trace level of PFOX by low frequency

(20 kHz) ultrasound has been investigated. The main conclusions observed from this investigation

are:

e Low frequency sonochemical treatment has been proven to be advantageous over the

previously employed techniques such as faster removal rate along with complete removal

of trace level of PFOX with efficient utilization of energy.

e The gas/liquid interfacial region is the most effective site for the degradation of PFOX.
e LC-MS/MS analysis demonstrated the degradation of PFOX with the detection of 7 short

chain intermediates and indicated the complete removal of PFOX within 80 min of

sonication.
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Chapter 7

Overall discussion
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To understand the overall outcomes of the PhD work, a relative comparison chart indicating
achievements and discussion regarding vital factors necessary for pollutant degradation has been
outlined in this chapter. Following sonochemical, HC and sono-Fenton treatment of pollutants in

our study, Fig. 7.1 summarizes the extent of degradation under optimum conditions.
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Fig. 7.1. Comparison chart
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Efficiency of cavitation-based treatment depends on several operating parameters such as solution
pH and temperature, concentration of pollutant and catalyst, addition of H2O and ultrasonic power
density. Following our observation, the dependence of degradation rate on the initial concentration
of pollutant can be categorized as follows:

e Linear dependence: Either an enhancement or a drop in the degradation rate with an
increase in the concentration of pollutant.

e Non-linear dependence: An optimum concentration of pollutant up to which an
augmentation in the degradation rate of pollutant can be observed, beyond which a fall in
the degradation rate takes place.

Following outcomes of this research, it has been observed that the removal efficiency of pollutants
followed non-linear dependence. The impact of initial pollutant concentration on the degradation
rate is dependent on the nature of specific pollutant whether it’s volatile, hydrophobic or
hydrophilic. Semi-volatile and hydrophobic pollutants such as Dicofol, HBCD and BDE-209
apparently present in the interfacial region rather than in the cavities and hence mostly depend on
the thermal decomposition driven degradation up to the optimum value.

We have witnessed varying degradation rate for the change in reaction solution pH value. The
degradation of pollutants favored at an acidic pH and the degradation efficiency declined at basic
environment. Summarizing the facts, following points are vital while deciding the effect of pH on
degradation.

e The aqueous solubility of a pollutant.

e pKa values of the specific pollutant.

The addition of H.O> as an external oxidizing agent affects the degradation of nonvolatile

compounds as compared to volatile and semi-volatile compounds. According to the hypothesis,
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degradation of Dicofol, BDE-209 etc. followed similar degradation pattern for H.O> addition,
indicating interfacial thermal decomposition to be the dominant degradation pathway. It can be
attributed to the degradation of semi-volatile organic compounds which takes place at the vapor-
liquid interface, while the degradation of nonvolatile compounds takes place in the liquid bulk
solution.

To summarize the effect of solution temperature, we can conclude that an optimum temperature
may exist for every individual pollutant which depends on its reactivity with hydroxyl radicals.
The extent of applied ultrasound power and HC inlet pressure are also vital factors in the cavitation
methods, as they can alter the generation of number of active cavitation bubbles. The optimum
power dissipation and its effectiveness in pollutant removal are dependent on the reactor
configuration and the pollutant under investigation. Beyond this optimum power dissipation,

cavitation events may be affected or reduced marginally.
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Chapter 8

Conclusions
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In the overall investigation, five recalcitrant organic pollutants (Dicofol, HBCD, BDE-209, PFOS
and PFOA) were subjected to sonochemical treatment, whereas hydrodynamic cavitation
treatment was implemented for Dicofol. Different operational parameters such as solution pH, bulk
phase temperature, initial concentration of pollutant, loading of hydrogen peroxide, ultrasonic
power density, loading of Fenton’s reagent, inlet pressure of HC and loading of radical scavenger
were studied for the enhancement of degradation rate. This study identified the capacity of
cavitation-based treatment for the removal of recalcitrant pollutant as compared to traditional
wastewater treatment processes.

In Chapter 2, there was evidence that sonochemical treatment can effectively remove Dicofol. It
was demonstrated that the removal efficiency reached maximum after considering optimum
operational parameters such as initial pollutant concentration, ultrasonic power density, solution
temperature, pH and the addition of H>O.. Furthermore, the effect of initial concentration of
pollutant and ultrasonic power density were found to be significant. In general, the degradation
rate hindered above and below 27 puM of an initial concentration of Dicofol, whereas an
enhancement in the removal rate was observed with an increase in power density up to 375 W.
Additionally, the solution pH and temperature both impact the removal efficiencies. A decrease in
solution pH resulted in an enhancement in the degradation due to the easy transport of pollutants
towards the bubble interfacial region. Based on radical scavenger test in this study, it was
anticipated that thermal decomposition at bubble-vapor interface to be the dominant degradation
mechanism. Sonochemical treatment is effective and promising for successful removal of harmful
pesticides such as Dicofol and superior removal efficiency for other POPs is expected in the near

future with the successful implementation of ultrasound-based wastewater treatment.
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In Chapter 3, Hydrodynamic cavitation treatment demonstrated its effectiveness in complete
removal of Dicofol within just 1 hr of treatment. It was determined that factors such as inlet
pressure, initial concentration of Dicofol, solution temperature, pH and addition of H>O»
significantly impacted the removal efficiency. The degradation rate enhanced up to the inlet
pressure of 7 bar, whereas the rate declined with an increase in the initial concentration of Dicofol
from 50 to 100 mg/L. From the results, Hydrodynamic cavitation proved to be more effective in
Dicofol removal than sonochemical treatment, with a degradation yield of 12 times higher than
acoustic cavitation. Overall, the attempted hydrodynamic cavitation demonstrated successful and
rapid removal of endocrine disruptive chemicals such as Dicofol and is expected to provide
efficient solution for wastewater treatment.

Chapter 4 described the effect of combined US/Fenton treatment for BDE-209 degradation
compared to individual processes (US and Fenton). Findings from this study showed that the
removal rate enhanced during Sono-Fenton treatment with complete degradation of BDE-209
within 80 min of treatment which was dependent on solution pH, ultrasonic power density, and
loading of Fenton’s reagent. The removal efficiency was found to be only 40 % and 25 %, during
US and Fenton treatment alone. During US/Fenton treatment, the degradation rate decreased from
0.019 min to 0.005 min for an increase in the initial concentration from 20 to 100 mg/L. Based
on cavitation theory, it is known that increasing the pollutant concentration beyond the optimum
value saturates the bubble surface, which could result in the decline in degradation rate. The
detection of oxidative products such as Phenol and p-Hydroquinone along with lower brominated
congeners, illustrated the role of both reductive and oxidative process during US/Fenton treatment.
However, this research has demonstrated that application of ultrasound during the combined

process provides additional reactive radicals, while preventing the agglomeration of pollutants at
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the surface of iron as well. Overall, the combined US/Fenton treatment performed more effectively
compared to individual treatments, demonstrating a synergy index (f) of 1.96. This new approach
involving simultaneous application of US and Fenton treatment has great promise and capacity as
an innovative tool for the elimination of numerous other PBDEs.

In Chapter 5, the sonochemical removal of HBCD has been illustrated, while considering the
essential optimum parameters for the highest rate of degradation. This research has demonstrated
that the highest rate of HBCD degradation was achieved under acidic conditions, where the rapid
transport of precursor compound towards the interfacial region takes place. Additionally, the
properties of detected transformed products of HBCD, indicated thermal decomposition at the
bubble-vapor interface as the dominant degradation pathway, following radical attack and
recombination of short chain intermediates at later stage of transformation. The high TOC removal
(72 %) within 40 min of treatment demonstrated the mineralization of HBCD to be prominent
during sonolysis. The Daphnia magna ecotoxicity assessment of HBCD, indicated the decline in
toxicity after 40 min of treatment, which could be due to subsequent degradation of toxic
intermediates with treatment time. This study confirms that the employment of sonochemical
treatment should be further explored for the removal of hydrophobic pollutants to achieve
successful mineralization.

Chapter 6 demonstrated the sonochemical treatment of PFOX (PFOS and PFOA), while discussing
the necessary precautions to be undertaken during LC/MS analysis for quality assurance. The
complete disappearance of PFOX was observed within 80 min of treatment under optimum
operating conditions. Thermal decomposition at the bubble-vapor interface along with pyrolysis
of short chain degraded products inside the bubble core were assumed to the dominant degradation

pathways. The significance of low frequency sonication for trace level removal of PFOX was
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established to illustrate the degradation mechanism. Our study has systematically considered the
crucial operating factors while investigating the removal of PFOX.

Recommendation

To obtain the highest pollutant removal efficiency under cavitation-based treatment, optimum
values of solution temperature, ultrasound power density, initial concentration of pollutant with
respect to sonication frequency, solution pH and inlet pressure of HC should be decided. Future
investigations should also focus on the effect of sonication frequency on pollutant degradation,
which could lead to a better understanding of the process. Understanding these mechanisms will
not only lead to enhanced effectiveness and optimization of experimental parameters during the
removal of pollutants, but also will bring future best practices to treat them effectively.
Intensification in the generation of bubbles during cavitation-based methods via innovative reactor
design and development of sun light driven cavitation reactor should also be explored.
Implementation of cavitation-based treatment could lead to a promising wastewater treatment
technique for the elimination of harmful pollutants. The need of low-cost wastewater treatment
methods and large-scale commercialization require successful implementation of cavitation-based
methods and hence ongoing research is anticipated for the advancement of cavitational treatment

methods.
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