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Abstract

Hazardous and recalcitrant pollutants in the environments have led to a great many
environmental issues these days. Many researchers have focused on the approaches to
treatment of these pollutants which contaminate environments such as soil, surface and
groundwater. As an advanced oxidation processes (AOPs), sonolysis which is the
oxidation technology involving the use of ultrasonic irradiation, has proven to be

successful for the treatment and remediation of contaminated environments.

In this thesis, hydrogen peroxide formation and formic acid degradation by ultrasonic
irradiation of well-characterised solutions are described under various conditions in
order to determinate reaction mechanism by which peroxide degradation and
contaminant degradation occur. The effect of gas properties and frequency on hydrogen
peroxide and formic acid degradation are examined. Experimental results obtained are
analyzed in light of the reactions occurring. Successful mathematical modeling of the
results obtained confirms that, for the most part, hydrogen peroxide and formic
degradation occur by free radical generation within bubbles with subsequent transfer of
these radicals to the bubble-water interface where the majority of the degradation occurs.
The effect of Fe(II) addition which can lead to Fenton reactions in the bulk solution are
also investigated. Experimental and model results show that the heterogeneous reactions

can enhance the degradation of formic acid in the presence of Fe(Il).

Oxidation of phenol by ultrasonic irradiation under a variety of initial conditions and
solution environments is also described and validated by a simple kinetic model. The
model developed will be useful for improving our understanding of free radicals
behaviour and the interplay between free radical generation and contaminant

degradation.



ACKNOWLEDGEMENTS

I am sincerely grateful to my supervisor, Professor David Waite for his guidance and
comments. This study would not have been completed without his enthusiastic

encouragement and constant support.

The friendship and support of my colleagues within the School is greatly acknowledged.
I would like to thank to Dr. Gautam Chattopadhyay for his assistance in the laboratory
work. I also appreciate administrative assistance to Pattie MacLaughlin, Julie O Keefe
and Karenne Irvine. In particular, I wish to extend my warmest thanks to Dr Shikha
Garg for her valuable advices, kind discussion and friendship. I would not have been

able to accomplish much of work in the study.

Finally, I owe my deep thanks to my wife, Junghwa Lee, and lovely princesses, Sebin,
Seyoung, and Yoojung, who provided great love and support during the entire period of
my study, especially in the last year prior to completion. I also wish to thank my

parents for their absolute love and support over the years.

Hyungjin HAN
2009

11



TABLE OF CONTENTS

ABSTRACT ...ttt ittt e et e e e e e e e 1
ACKNOWLEDGEMENT.......0uititiiitiintttt ettt ettt et ea et e eee e e e anens 1
TABLE OF CONTENTS. .. .0ttt et ettt et et e et e re e e eneae 11
LIST OF FIGURES. .. ...iuttiititittittiiteitt it it ettt iae et et e eeeensenteeeaneeeserarenees vil
LIST OF TABLES. .. ..ottt ettt et e e et e e ere e eenenenens Xiil
Chapter 1. Introduction
1.1 BaCKZIound .......cccooiiiieiiiniierienieseei ettt s e 1
1.2 OBJECHIVES. ...ueeiiirieriicrieiierte ittt sttt bt sttt enaen 3
1.3 OULHNE . ..eeeieeeteieetesee ettt s b ettt st b st e saeas 3
Chapter 2. Literature Review
2.1 INETOAUCHION ..couitiiiiiiieeiieeeet ettt sttt et et et e et et e sab e e et e beesaresntaens 5
2.2 General concept of Ultrasound .........ccccoocverieriiniiennieeee e 7
2.3 Fundmental of SONOChEMISIIY .....covevuirieriiriinienieecee et 7
2.4 Factors affecting SONOChEMISEIY ......cocueriiiiiiiiiiiiiiiiiee e 11
2.4.1 Presence of nature of dissolved gases .........ceceecenericriciiniinencnieneee 11
2.4.2  ACOUSLHIC POWET ..ottt e s 13
P2 B T O (=0 13 1S 1 Loy PP 13
2.5 Sonochemical generation of COMPOUNAS ........coceevirrinieniiceeienieecee s 15
2.5.1 Hydrogen peroxide formation.............cccoveviiviiniiiniininiinnice, 15
2.5.2 Sonolytic degradation of organic compounds.............ccceceeririveerieerineneenn 17
2.5.3 Sonolytic degradation with coupled system...........oceevevveieriennieenenienennn 20
Chapter 3. Materials and Methods
3.1 INETOAUCHION ...eeeeeeieeieeeie ettt et sttt s be e st s s ae e e s 25

il



3.2 GeNETal TEAZENLS.....vecvveeecerercceeceieeecte ettt ettt et e s re et e e s ereentersenvesrsensens 25

3.3 INSITUIMNENL ..ottt ettt ettt se bt esaebesaeseebe e sessesassesassesesaesanses 26
33,1 UNIasonic SYSTEIM ......ccucvueiiicuieieieiietieeeereeresteeteeveesesteeteesseseesessseseesseneeses 26
3.4 MELhOAS.....ioiiriiiieicictice ettt st re e enes 28
3.4.1 CalorimetriC MEASUTEMENL .......cc.cceeveieeieeirereereresreeseeeesesseseseseessessessessens 28
3.4.2 Characteristics of ultrasonic irradiation ............ccoceeveevivereeieeeeineeeeeeeeenes 29
3.4.3 Hydrogen peroxide Measurement ............cceeeevvreereerveeeeneeereenneereeoreerseeseens 31
3.4.4 Phenol and intermediates MeasUrEMeNt..........c.ccververeereereenrenenreneseeeeneens 32
345 CM ANAIYSIS w.ovvoeeeeceeeeeeeee et 34
3.4.6  Fe(Il) MEASUICIMENL .......ccivieuieeiieiesiieieie et e e sea e e e sbeetestaesbeebesanense s 35
3.4.7 NItrate MEASUTEINEIL .....ccecvuvierreeieeeireerieeseeeeeesreesseesseeeseessessessssessseensaens 35
3.4.8  Computational analysis..........cccecveeirviriiiiiiiiiienien e sve e e 35

Chapter 4. Hydrogen peroxide generation and formic acid degradation by

ultrasonic irradiation

4.1 INIFOAUCTION c..tcienicciaiie et ettt et st e et e e ee e e 38
4.2 Materials and MeEthOdS ........cooveriiiiiiiiierii e 41
4.2.1 Experimental setup and reagents...........coceeeveriireenineeneenenirineeeeneeseennens 41
4.2.2  Methods......oooiiiiiiiiiiie e 42
4.3 Results and diSCUSSION .....cccuiiiiiiiriiieiiiiiiieeiie ettt 42

4.3.1 Impact of dissolved gas properties on hydrogen peroxide formation by
UItrasonic Iradiation .........oocueiiieeiiiiciieeee e 42
4.3.2 Impact of ultrasonic frequency on hydrogen peroxide formation............... 45
4.3.3 Hydrogen peroxide formation and formic acid degradation under argon
saturated SOIULIONS ......c.ceerviriiiiii i e 46
4.3.4 Hydrogen peroxide formation under nitrogen saturated solutions.............. 60
4.3.5 Hydrogen peroxide formation and formic acid degradation under oxygen
SAtUrated SOIULIONS .....ocveveiiriieie sttt et s 61
4.3.6 Hydrogen peroxide formation and formic acid degradation under air
SAtUrated SOIULIONS .....eeevieiieiieiieit ettt 64

A CONCIUSIONS .euuneereeereeeseereeeeeeeseaneasesseennasessestsensssesesennssesesneneesessenssesssennnsaesessnnns 67

v



Chapter 5. Kinetic modeling of hydrogen peroxide formation and formic acid

degradation by ultrasonic irradiation

5.1 INTTOQUCHION ..ottt ettt a b sa st eneesenens 71
5.2 Results and diSCUSSION .......c.coveviririieieiniireneerieiiete et be e 72
5.2.1 Theoritical basis of the mathematical model .............ccceverrienierenniineccnnnes 72
5.2.2  Kinetic modeling of hydrogen peroxide formation and formic acid
degradation under argon saturated SOIUtiONS..........c.cceevecverienenirereenienreeenns 77
5.2.3 Kinetic modeling of hydrogen peroxide formation and formic acid
degradation under oxygen saturated SOIUtIONS ..........ecveeevereenerienenienririeneen. 83

5.2.4 Model prediction of hydrogen peroxide formation under nitrogen saturated

SOTULIONS .evevteeieiieeteie ettt et et et e e ee e et eseeeeaeereeeeeeeeerereeeeeeeeeeeeeesesesesesssesannans 87
5.2.5  Sensitivity STUAIES .....ccceeeiveriieeiieee e ste e esee e sre e eeeesae et e e enes 89
5.3 CONCIUSIONS .. ittt e e s e v et e e e s e eeeeaaaesevananaasssasnnnaseeeenenraaesesnennnanss 96

Chapter 6. Effect of Fe(II) addition on formic acid degradation by ultrasonic

irradiation
6.1 INtrOdUCHION .....eiiiiiiiiiiicte e e 97
6.2 Materials and methods ...........cocueiviiniiiiiini 99
6.3 Results and diSCUSSION ........ccceeverienieieninenrcreeee e s 99
6.3.1 Effect of Fe(Il) on formic acid degradation...........cccceevveeviincniecnnnnnienne. 99
6.3.2 Effect of Fe(Il) addition on hydrogen peroxide formation ....................... 103
6.3.3 Kinetic model for hydrogen peroxide formation and formic acid
degradation in the presence of FE(II) .......ccccocvniiniiiiiiniininiiiiiiiie, 105
6.4 CONCIUSION ...ovviiieiieeiieeieieeeeie s 109

Chapter 7. Implication of findings to other contaminants; optimisation of phenol

degradation by ultrasonic irradiation

7.1 INETOAUCHION ....ecuveiciireiiee ettt sttt e st e e s st esreessbesane 111
7.2 Materials and methods ........cocueevereriiiiiiri e 112
7.3 Results and diSCUSSION ......cccueeeiieieiieiieiiitenieeeieeereeeeee et ste e e sae e e e esenesneens 112

7.3.1 Sonochemical degradation of phenol..........c..ccccevviniiniinninincceeen, 112



7.3.2 By-products of phenol degradation by ultrasonic irradiation ................... 116

7.3.3 Effect of initial phenol concentration.............c.c.ecveverieerveenereniseneecerennenes 119
7.3.4 Effect of pH on sonochemical degradation of phenol...............ccccverenennne. 121
7.3.5 Effect of acoustic power on phenol degradation.............cceververenueiniennenee 125
7.3.6 Effect of Fe(II) addition on phenol degradation .............cccoceevrevevenennnene. 126
7.3.7 Mathematicl modeling of phenol degradation kinetics..........c.cccceeereruennns 127

7.4 CONCIUSIONS ......ovuiuiiiintirieirire e ste ettt te e besee e s e e beseesesraseneesesranes 132
Chapter 8. Summary and Conclusions ...............ccocevereineninencieneiere e 134
ReEfErenCes ..ottt 137

vi



Figure 2.1

Figure 2.2
Figure 3.1

Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5
Figure 3.6
Figure 3.7

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

LIST OF FIGURES

Schematic of the acoustic cavitation process during ultrasonic irradiation
(Suslick, 1988). Fluctuations in pressure due to sound waves induce
microcavities that expand and compress until a critical size is reached
and the cavity implodes.........ccccovcevivieiiiineiicse e 8
Proposed three reaction zones in the cavitation process......................... 11

Reactors with underlying ultrasonic transducers (top) and ultrasonic

generators (bottom) used in all studies reported here. .........c.cccveeuneennene. 27
Acoustical yield from the calorimetic methods at 300 kHz.................... 29
Acoustical yield from the calorimetric methods at 600 kHz................... 30
Acoustical yield from the calorimetric methods at 800 kHz................... 30

Calibration curve for phenol analysis by HPLC using either the DAD (o)
OT the FLD (H)...coiiiiiiiiiiicee ettt sae e 33
Calibration plots obtained by HPLC with DAD for phenol byproducts
benzoquinone (), hydroquinone (m) and catechol (A)........cccevennneee. 33
Calibration curve developed for determination of formic acid
CONCENETALION. ..eeeuiieruiierreeriteesreesteenieeasneeeneeessreesiseessseaaneeenseessasesnesanees 34
Hydrogen peroxide formation at different frequencies under argon
saturated solutions for 30W(acoustic power) and pH 3.5...................... 47
Hydrogen peroxide formation in the absence and presence of added
hydrogen peroxide under argon saturated solutions at 800 kHz and
30W(acoustic power) (e : 200 uM of H,O,, m : 100 uM of H,0,, A: no
addition). Slope = 1.850.07 uM/MIN. ......ccovvevirveeirieeeeeeeeeeeve e 48
Effect of organic compounds on hydrogen peroxide formation. (a) :
formic acid (b) : phenol. Conditions : 300 kHz, pH 3.5, argon saturated
solution (A: 10 pM v: 100 pM e : 300 pM = : 500 pM of either phenol
Or fOrmicC aCIA)....ccveeiiiiiiiiiiii i e e 49
Formic acid degradation by ultrasonic irradiation under argon saturated
solution (A : 800kHz, @ : 600 kHz, m : 300 kHZz)........ccoevvvvreniennrnnen. 50
Effect of initial concentration of formic acid on sonolytic degradation of
formic acid. Condition : 600 kHz, 30W, pH 3.5, and argon saturated
solutioins, [HCOOH]p =200 nM. ...ccceovviviriiriniiecneeeceeeee e 52

vii



Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15

Figure 4.16

Figure 5.1

Figure 5.2

Effect of initial pH on rate of formic acid degradation. Conditions : 600
kHz, 30W (acoustic power), argon saturated solutions, [HCOOH], = 200
nM. Solid line represents the composite rate constant at given pH and
block square represents half life (min) at given pH. ........cccccoeveirieccnn 54
Effect of t-butanol on the sonolytic decomposition of formic acid.
Conditions: 600 kHz, 30W(acoustic power), pH 3.5, argon saturated
solution, and [HCOOH]p =200 nM.......ccccovivriciierceeeeeeenreeiee e 55
Effect of phenol addition on formic acid degradation by ultrasonic
irradiation. Conditions : 600 kHz, pH 3.5, argon saturated solutions, and
[HCOOH]0 = 200 NM....ouiriiniieieiinienireie sttt et 59
Formic acid degradation in the addition of hydrogen peroxide.

Condition : 600 kHz, pH 3.5, argon saturated solutions, and [HCOOH],

Hydrogen peroxide formation at different frequencies under nitrogen
saturated solutions for 30W(acoustic power) and pH 3.5.......cccceeeunene. 60
Hydrogen peroxide formation at different frequencies under oxygen
saturated solutions for 30W(acoustic power) and pH 3.5.......cc.ceoceeeeee. 63
Effect of frequency on sonlytic degradation of formic acid under oxygen
saturated solutions (A: 800kHz, e : 600 kHz, m : 300 kHz)................... 64
Hydrogen peroxide formation at different frequencies under air

SAtUrated SOIULIONS. ....oveeiireierieciere et sane 65
Hydrogen peroxide formation for different dissolved gases at 300 kHz
AN PH 3.5, oo 66
Nitrate formation profile with different pH media under air saturated

solution at 300 kHz ( m : pH by hydrochloric acid, e : pH by nitric acid)

Formic acid degradation at various frequencies under air saturated
solutions (A : 600kHz, e : 300 kHz, m : 800 kHz). ........cccecceiennnenn 68
Hydrogen peroxide formation under argon saturated solutions. Closed
points and solid line represent the experimental and model data
respectively (m : 300 kHz, A : 600 kHz, o : 800 kHz). .......ccoeevennnnn. 80
Formic acid degradation under argon saturation. Closed points and solid
line represent the experimental and model results respectively (m: 300
kHz, A: 600 kHz, ® : 800 KHZ). ....coooviiiiiiiiiiiieecinee e 81

viii



Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Effect of hydrogen peroxide addition on formic acid degradation. Closed
points and solid lines represent the experimental and model results
respectively. Conditions : 600 kHz, 30W, pH 3.5, argon saturated
solutions, and 200 nM of HCOOH (m: 500 pM of H,0,, @ : 200 uM of
H07,A: NO addition).......ccccecvierieiieeeiieeeeee e ere e 82
Effect on initial concentration of formic acid on formic acid degradation
rate. Closed points and solid line represent observed and model predicted
decomposition rates reSpectively. ......ccvveereereinerierienienrenenreneeiens 83
Hydrogen peroxide formation under oxygen saturated solutions. Closed
point and solid line represent the experimental and model results
respectively (m : 300 kHz, A: 600 kHz, @ : 800 kHz). .......cccoeeuvenninnenn 85
Formic acid degradation under oxygen saturated solution. Closed points
and solid lines represent the experimental and model data respectively
(w: 300 kHz, A: 600 kHz, ® : 800 KHZ).......covieririeiiiiiiiiiiiicnee 86
Hydrogen peroxide formation under nitrogen saturated solution. Closed
points and solid line represent the experimental and model data
respectively (m : 300 kHz, A: 600 kHz, o : 800 kHz). ..........ccceenennenn. 88
Log of sum of squares of the NSCs of reactions involved in hydrogen
peroxide formation at 600 kHz under argon saturated solutions. ........... 91
Log of sum of squares of NSCs involved in formic acid degradation
under argon saturated solutions at 600 kHz.............ccccoeriininnn 91
Log of sum of squares of NSCs for reactions involved in hydrogen
peroxide formation at 300 kHz under oxygen saturated solutions.......... 93
Log of sum of squares of NSCs for reactions involved in formic acid
degradation at 300 kHz under oxygen saturated solutions...................... 94
Effect of Fe(II) addition on degradation of 200 nM formic acid by 300

kHz ultrasonic irradiation of a pH 3.5 solution saturated with argon.........

Effect of Fe(II) addition on degradation of 200 nM formic acid by 300

kHz ultrasonic irradiation of a pH 3.5 solution saturated with oxygen. .....
............................................................................................................... 100

Pseudo first order kinetic analysis of formic acid degradation at the lower
concentration range of Fe(II) (10 pM - 100 pM) under oxygen saturated
SOIULIONS ..vvveieiviireeereeerreereeseeeseresbeesbeeeebeeemaesanbesanesonbeenaeessneeenneesanes 101

Pseudo first order kinetics of formic acid degradation at higher

X



Figure 6.5

Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

Figure 6.10

Figure 7.1

Figure 7.2

Figure 7.3

Figure 7.4

Figure 7.5

concentration range of Fe(Il) (200 uM - 500 uM) under oxygen
saturated SOIULION. .......cccveiieriiriinireeeeee e 101
Degradation of formic acid(200 nM) at various Fe(Il) concentrations

on 300 kHz sonolysis of pH 3.5 air saturated solutions.............cc.cc...... 102
Comparison of the effect of Fe(II) addition on formic acid decomposition
rate constant for different dissolved gases (A : argon, m : oxygen, ® :

1) o FR RO PP P OO PPPTRUPPTRRPPP 103
Hydrogen peroxide formation by ultrasonic irradiation in the presence of
Fe(II) at 300 kHz under argon saturated solution. Closed symbol
represents the .. experimental result and solid line represents the model fit
(m: [Fe(ID)]=....50 uM @ : [Fe(I)] =100 pM A : [Fe(I[)] =200 pM Vv :
[Fe(II)] = 500 BM). c.oeeiiiiiniieieieerereerenrieresee et 104
Variation in Fe(II) concentration over time on ultrasonic irradiation of
argon saturated solution at 300 kHz and for different concentrations of
added Fe(II). Closed symbol represents experimental result and solid line
represents model fit (m: [Fe(II)] = 50 uM e : [Fe(II)] =100 pM A :
[Fe(I)] =200 pM ¥ : [Fe(ID)] =500 uM).. c.oocvevirniniiniiiciiiniecice, 104
Effect of added Fe(II) concentration on initial pseudo-first order decay
rate constant of formic acid(200 nM) under argon saturated solutions at
300 kHz. Symbols represent the experimental data while the solid line
represents the model predicted results. ..........cooceveerciiniincnciiiiiinnnens 108
Effect of added Fe(II) concentration on initial pseudo-first order decay
rate constant of formic acid(200 nM) under oxygen saturated solutions at
300 kHz. Symbols represent the experimental data while the solid line
represents the model predicted results ...........cocevvniiniiniiiiiinn, 109
Phenol concentration change under argon saturated solution at 300 kHz
(m: 100 pM, @ : 200 pM, A : 400 pM). ..ovvivviriiiiiiiiiis 113
Phenol concentration change under oxygen saturated solution at 300 kHz
(w: 100 pM, @ : 200 pM, A : 400 pM). ..ovviriiiiiiiiin 114
Phenol concentration change under air saturated solution at 300 kHz

(m: 100 uM, @ : 200 uM, A : 400 pM)...coviviiiiniiiiiiniin 114
Summary of degradation rate of phenol by ultrasonic irradiation under
different dissolved gases and frequencies. ..........cccecvrvveriniiniiniiniinens 115

Phenol degradation in the presence of t-butanol (m: phenol concentration



Figure 7.6

Figure 7.7

Figure 7.8

Figure 7.9

Figure 7.10

Figure 7.11

Figure 7.12

Figure 7.13

Figure 7.14

Figure 7.15

without t-butanol, A: phenol concentration with t-butanol). Conditions:
600 kHz, [phenol] = 200 uM and argon saturated solution. ................. 116
By-product formation on sonolytic degradation of phenol under argon

saturated solutions. Experimental conditions: Phenol concentration = 400
uM, Frequency = 600 kHz, pH 3.5. ..cccviiiiiiiiiiciccecs 118

By-product formation on sonolytic degradation of phenol under oxygen

saturated solution. Experimental conditions: Phenol concentration = 400
uM, Frequency = 600 kHz, pH 3.5. .ccoooiiiiiiicicees 118

By-product formation on sonolytic degradation of phenol under air

saturated solution. Experimental conditions: Phenol concentration = 400
uM, Frequency = 600 kHz, pH 3.5. ..o, 119

Degradation of phenol shown as In(C/Cy) versus time at 300 kHz with
30W(acoustic power) at pH 3.5. C represents the concentration of phenol
at time t and C, represents the initial concentration of phenol. ............ 120

Effect of initial phenol concentration on sonochemical degradation of

Sonolytic degradation of phenol at pH 3.5. Conditions: 300 kHz, 30W
(acoustic power) and air saturated solutions (HQ: hydroquinone, BQ:
benzoquinone, CC: catechol). .....oceevirieriiieniieieireereeeeeee e 123
Sonolytic degradation of phenol at pH 5.5. Conditions: 300 kHz, 30W
(acoustic power) and air saturated solutions (HQ : hydroquinone, CC :
CAtECROL) .. 124
Sonolytic degradation of phenol at pH 7.5. Conditions: 300 kHz, 30W
(acoustic power) and air saturated solutions (HQ: hydroquinone, CC:
CAtEChOL). c.eviiiiiieceee 124
Effect of acoustic power on phenol degradation rate and hydrogen
peroxide formation rate (@ : hydrogen peroxide formation rate, m :
phenol decomposition rate). Conditions : 300 kHz, pH 3.5, air saturated
SOIULIONS ..evvveeireeriieiteeiie ettt e et sne e sanes 126
Observed and predicted profile of phenol degradation and intermediates
formation by ultrasonic irradiation. Conditions : 300 kHz, 30W(acoustic
power), pH 3.5, 200 uM of phenol, and argon saturated solution. Solid
line and closed symbol represent observed and predicted profile of

phenol and intermediates (m : phenol, A : hydroquinone e : catechol).

X1



Figure 7.16

Figure 7.17

Concentration dependence profile on decomposition rate at low
concentration range from 20 pM to 60 uM (m : decomposition rate
observed, A: decomposition rate simulated). Condition : 300 kHz-30W
(acoustic power), pH 3.5, and air saturated solutions...............ccccuennuene 131
Effect of Fe(II) addition on phenol degradation under air saturated
solution at 300 kHz. Solid line and closed symbols represent the model
prediction and experimental data. Condition : 300 kHz, 30W(acoustic
power), pH 3.5, air saturated solutions, and 200 uM phenol............... 132

Xii



Table 2.1
Table 2.2
Table 4.1

Table 4.2
Table 4.3

Table 4.4

Table 4.5

Table 5.1

Table 5.2
Table 5.3

Table 5.4

Table 5.5

Table 5.6
Table 5.7
Table 5.8

Table 5.9

Table 6.1
Table 6.2
Table 7.1

LIST OF TABLES

Industrial uses of ultrasound. ...........ccceeverveieiierieneninecere e 6
Characteristics of various gases of interest. .......cceevvvererenerenreeenieennns 12

Summary of hydrogen peroxide formation rate under different dissolved

gases and fTEQUENCIES. .....ccooverriiririeie e 43
Physical Properties of dissolved gases used...........c.cocevevirvrinennernnnennnn 44
Theoretically calculated values of Tpax and Prax by Equations (7) and

(8) for the different background gases.. .........ccceemiinieniienviinienccicnn 45
Properties of bubbles formed on sonication of argon saturated solutions at
25 °C using radiation of 300, 600 and 800 kHz frequency. ...........ccccoeue.. 47
Properties of bubbles formed on sonication of nitrogen-saturated solutions
at 25 °C using radiation of 300, 600 and 800 kHz frequency. .................. 61
Summary of reactions producing free radicals and hydrogen peroxide on
Ultrasonic Irradiation ...........ccecereerrirerienriee e 76
Reaction showing formic acid degradation by ultrasonic irradiation. ...... 77

Simulated values of rate constants for hydrogen peroxide formation and
formic acid degradation under argon saturated solutions ................cccuu.e. 79
Simulated values of rate constants for reactions under oxygen saturated
SOIULION ..ottt 84
Simulated values of rate constants for hydrogen peroxide generation under
nitrogen saturated SOIULIONS...........oevviiiniiiniiii 87

PCA results for hydrogen peroxide formation under argon at 600 kHz ...92

PCA results for formic acid degradation under argon at 600 kHz............ 92
PCA results for hydrogen peroxide formation under oxygen saturated
solutions at 600 KHZ..........cccovvviiviiniinicieeeeece e 94
PCA results for formic acid degradation under oxygen saturated solutions
AL 600 KHZ. ...vvovreiieieiie ettt 95
Reactions for hydrogen peroxide formation and Fenton reactions. ........ 106

Reaction showing formic acid degradation by ultrasonic irradiation. .... 107
Effect of initial pH on phenol degradation rate by ultrasonic irradiation.
Conditions: 300 kHz of frequency, air saturated solution and [phenol], =
200 M. o e 122

Xiii



Table 7.2

Table 7.3

Table 7.4

Table 7.5

Effect of pH on the concentration of hydroquinone and catechol produced
on sonolysis after 2 hours ([phenol]y = 200 uM). Condition : 300kHz,30W
(acoustic power), and air saturated SOIUtions. .........ccoceveevevveereereeneennene, 125

Pseudo-first order degradation rate constant of phenol in the presence of

FE(IL). oottt ettt 127
Model reactions for phenol degradation under argon saturated solutions at
300 KHZ ..ottt 128
Reactions showing phenol degradation by ultrasonic irradiation. .......... 129

X1V



Chapter 1

Introduction

1.1 Background

With increasing concerns about the risks posed by organic contaminants in water
supplies, in part related to the desire to recycle wastewaters, a need exists to upgrade
water treatment processes such that the concentration of such contaminants is reduced to
levels at which risk is minimal. While many organic compounds can be degraded and/or
removed by traditional methods of biological treatment or activated carbon adsorption,
some compounds (including herbicides, pesticides, pharmaceuticals and natural and

synthetic hormones) will require more powerful degradative technologies.

Treatment technologies known as Advanced Oxidation Processes (AOPs) represent one
approach to degradation of organic contaminants which show potential for wider use in
water and wastewater treatment. AOPs generally act through formation of hydroxyl
radical. Because, the hydroxyl radical has a strong oxidation potential (E, = 2.73 V;
Pignatello et al., 2006) and high reactivity for most organic compounds (typically
exhibiting second order rate constants in the range 107 o 10" M's™; Buxton et al,,
1988), AOPs would appear to hold considerable promise for removal of recalcitrant

organic compounds.

Possible AOPs include UV irradiation, high pH ozonation, ozonation combined with

hydrogen peroxide addition (the .peroxone. process), Fenton and photo-Fenton



oxidation, electrochemical oxidation and sonolysis. Each of these technologies has their
own particular advantages and disadvantages but all represent possible approaches to

oxidative degradation of organic compounds in aqueous solution.

While investigations to date have been, for the most part, at bench-scale only, the
technology of sonolysis appears particularly promising. Sonolysis is the application of
ultrasound to chemical reactions and processes. The chemical effects of ultrasound
derive from the phenomenon of acoustic cavitations; the formation, growth and
implosive collapse of bubbles in a liquid (Suslick, 1988). The collapse of these bubbles
produces high local temperatures and pressures. Locally, temperature and pressure may
reach up to and above 5000 K and 1000 atm, respectively (Makino et al., 1983, Suslick,
1989, Suslick, 1990, Serpone and Colarusso, 1994). These critical conditions result in
homolysis of water producing highly reactive species such as hydroxyl (*OH) and
hydrogen (*H) atom radicals. These radicals react with each other leading to other

species such as water, hydrogen and hydrogen peroxide (reactions (1) to (6)).

H,0 [ OHe + He (1)
OHe + He [] H,0 )
OHe + OHe ] H,0, (3)
He + He [J H, 4)
H, + 0, L HO,, ©)
HO,, + HO,, [ H,0, + 0, (6)

The radicals produced by application of ultrasonic radiation can be used for initiating a
wide range of oxidation reactions, particularly as a result of generation of the hydroxyl
radical. In addition to hydroxyl radical attack, compounds that are particularly volatile

may partition into the gaseous bubble and be degraded by pyrolysis.

While many investigations have demonstrated the effectiveness of sonolysis, our
understanding of the mechanism(s) underlying degradation is often limited and very
little attempt has been made, in part due to the inherent complexity of these

heterogeneous processes, to develop mathematical models of the degradation kinetics.



1.2 Objectives

The main objective of this study is to provide a better understanding of the free radical
reactions initiated by ultrasonic irradiation of aqueous solutions and, where possible, to
use kinetic modelling approaches to validate our hypotheses pertaining to key reaction
pathways. Particular attention is given to the generation of hydrogen peroxide, a
relatively stable end product of free radical reactions, and to degradation of formic acid,
a simple » model contaminant._chosen for the simplicity of its degradation pathway via
hydroxyl radical attack. The impact of variation in key parameters such as frequency
and background gas on sonochemical activity are investigated by examining the impact
on hydrogen peroxide production and formic acid degradation kinetics. As noted above,

mathematical modelling is undertaken as an aid to hypothesis development and testing.

More specifically, the aims of this study are to:

1) Advance our understanding of the ultrasonic irradiation phenomena in aqueous
solution.

2) Improve understanding of free radical production pathways, reactions of the
produced radicals both with themselves and with selected target compounds.

3) Develop mathematical models that adequately describe the time dependence of
generation and/or decay of measurable species in solution. To this end, analysis
is focussed on the kinetics of hydrogen peroxide formation and formic acid
degradation.

4) Investigate the implications of the proposed reaction pathways to other
contaminants. To this end, attention is given to measuring (and modelling) the

degradation kinetics of phenol.

1.3 Outline

The structure of the thesis is as follows.

Chapter 2 critically reviews the relevant literature relating to both the general principles
of sonochemistry and application of sonolysis in degradation of organic compounds in

aqueous solution.



Chapter 3 documents the experimental procedures used in all studies described in the

thesis and provides an introduction to the kinetic modelling approaches used.

Chapter 4 presents the experimental results of hydrogen peroxide formation and formic
acid degradation under different frequencies and background gases by ultrasonic
rradiation. Hydrogen peroxide formation rates under a variety of experimental
conditions are presented as are formic acid degradation rates under a similar range of
conditions. Likely chemical reactions accounting for both hydrogen peroxide formation
and formic acid degradation are presented in this chapter as is empirical discussion of
the effect of reaction conditions on hydrogen peroxide formation and formic acid

degradation.

Chapter 5 presents a mathematical model for hydrogen peroxide formation and formic
acid degradation. Model outputs are developed and compared with rates of hydrogen
peroxide formation rate and formic acid degradation described in Chapter 4. Discussion

is presented of the agreement (or disagreement) between measured and modelled results.

Chapter 6 reviews the effect of addition of ferrous iron (Fe(Il)) on formic acid
degradation. The effect of Fe(Il) addition is probed by measurement of Fe(Il)
concentrations as a function of time as well as H,O, generation rate and rate of formic

acid degradation.

Chapter 7 presents the results of studies of phenol degradation by sonolysis. The rates of
degradation of phenol as a function of ultrasonic frequency, background gas and added
ferrous iron concentration are reported. The applicability of a model for phenol
degradation based on the principles developed carlier in the thesis (and that was found
suitable for description of hydrogen peroxide generation and formic acid degradation) is

assessed in this chapter.

Chapter 8 summarises the major conclusions drawn from this study and also outlines
recommendations for further research.



Chapter 2

Literature Review

2.1 Introduction

The main objective of this chapter is to decisively review the literature and present an
overview of recent research related to ultrasonic irradiation. In this chapter, the
fundamental concept of ultrasound and its potential to degrade contaminants are

introduced. Uses and applications of ultrasonic irradiation are also reviewed.

The fundamentals of ultrasound are introduced in Section 2.3 while the many factors
and conditions that affect the sonochemical phenomena are described in Section 2.4.
The use of hydrogen peroxide as an indicator of sonochemical reactions, and the
application of sonochemistry for the destruction of compounds via both hydroxyl

radical attack and thermolytic degradation are described in Section 2.5.



2.2 General concept of ultrasound

Ultrasound is defined as radiation of frequencies higher than 16 kHz where the average
person can not hear (Ensminger, 1973, Mark er al., 1983). The upper limit of the
ultrasonic frequency range is not well defined but it is typically taken to be 5 MHz for
gases and 500 MHz for liquids and solids. Uses of ultrasound may be generally divided
into two areas according to its purpose and frequency range. Firstly, low power or high
frequency (2 to 10 MHz) is normally applied for diagnostic purposes such as medical
scanning and chemical analysis, while high-power or low frequency (20 to 100 kHz) is
generally used for cleaning, plastic welding, and initiating chemical reactions. Common

applications and uses of ultrasound are shown in Table 2.1 (Mason and Lorimer, 1988).

Table 2.1 Industrial uses of ultrasound (Mason and Lorimer, 1988).

Field Applications

Biology, Homogenization and cell disruption: Power ultrasound is used for

biochemistry | rupture cell wall in order to release contents for further studies

Ultrasound has been used to assist drilling, grinding and cutting. It is
particularly useful for processing hard, brittle materials such as glass
Engineering and ceramics. Other uses of ultrasound are welding (both plastics and
metals) and metal tube drawing. High-frequnecy (MHz) ultrasound is

used in nondestructive material and flaw detection.

Dentistry For both cleaning and drilling of teeth

Pulse/echo techsniques are used in the location of mineral and oil

Geography, ) _ )
deposits and in depth gauges for seas and oceans. Echo ranging at sea
geology
has been used for many years.
Pigments and solids can be easily dispersed in paint, inks, and resins.
Engineering tools are often cleaned and depressed by immersion in
Industrial

ultrasonic baths. Two less widely used applications are acoustic

filtration and ultrasound drying.




Ultrasound imaging (2-10MHz) is used, particularly in obstetrics, for

o observing the fetus and for guiding subcutaneous surgical implements.
Medicine )
In physiotherapy lower frequencies (20-50 kHz) are used in the

treatment of muscle strains.

The welding of thermoplastics is effectively achieved using power
Plastics, ultrasound. Polymerization initiation and polymer degradation are also
polymers affected. Cure rates of resins and their decomposition can be measured

with frequency ultrasound.

2.3 Fundamentals of sonochemistry

Reactions caused by ultrasound are not the result of the direct input of energy to
molecules, as is the case in photochemistry. Ultrasonic irradiation produces an
alternating adiabatic compression and expansion of the liquid media. In the expansion
phase of the ultrasonic wave, microbubbles form due to reduced pressure (i.c.,
sufficiently negative pressures). These microbubbles are filled with vaporised liquid or
gas that was previously dissolved in the aqueous solution. The microbubbles can either
be stable about their average size for many cycles or transient, growing to a certain size
then violently collapsing or imploding through the compression phase as shown in
Figure 2.1. The collapse or implosion of these microbubbles creates extreme local
conditions such as high local pressures (up to 1000 atm) and high local temperatures (up
to 5000K) that can induce chemical reactions (Makino et al., 1983, Suslick, 1989,
Suslick, 1990, Serpone and Colarusso, 1994). This phenomenon of bubble formation
and collapse, which leads to energy release and extreme local conditions, is termed

acoustic cavitation (or, in some instances, just “cavitation”).
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Figure 2.1 Schematic of the acoustic cavitation process during ultrasonic irradiation
(Suslick, 1988). Fluctuations in pressure due to sound waves induce microcavities that

expand and compress until a critical size is reached and the cavity implodes.

The localized conditions caused by cavitation are very short-lived, but they have been
shown to result in the generation of highly reactive species including hydroxyl (OH*),

hydrogen (H*) and hydroperoxyl free radicals (H02*)- Hydrogen peroxide (H202),

formed by the recombination of hydroxyl and hydroperoxyl radicals, has also been
observed and used as an indicator of free radical species generated during ultrasonic
irradiation (Weissler, 1958, Anbar and Pecht, 1964, Makino et ai, 1983, Riesz et alL,
1985).

Riesz et al (1985) provided evidence of hydroxyl and hydrogen atom radicals generated
during ultrasound using ESR spin trapping techniques. By generating such free radical
species ultrasound offers the potential to initiate and promote oxidation and reduction

reactions for a range of chemical, biological, industrial, and remediation applications.

Many researchers have investigated the reaction sites of radical reactions mediated by
ultrasonic irradiation and developed mechanisms of reaction of radical species both with
themselves and with target species (Hart and Henglein, 1985, Henglein and Kormann,

1985). Suslick and Hammerton (1986) describe the available sonochemical reaction



sites in aqueous media and indicate that the sonochemical decomposition of compounds
proceeds in the three different reaction zones in aqueous media: (i) the inside of the
cavitation bubble at a high temperature (approximately 5000 K) and pressure (several
100 atm), (ii) the interfacial zone surrounding the bubble cavity where large temperature

and pressure gradients exist, and (iii) in bulk solution at ambient temperature.

Free radicals produced by the thermolytic decomposition may either react with each
other to form new molecules and radicals or diffuse into the interfacial zone, leading to
possible further reactions with solution phase species. Volatile compounds such as
trichloroethylene and chlorobenzene may degrade by pyrolytic decomposition within
the cavity itself. These compounds readily enter the gaseous phase within the
microbubble and can undergo thermolytic degradation as a result of the high

temperature and pressure within the bubble (Dewulf et al., 2001, Goel ez al., 2004)

Hydroxyl radicals accumulate at the interfacial layer surrounding the hot bubble and

may react with hydrophilic compounds like phenol. A local concentration of 4x10~° M

of OHe in the interfacial region was proposed by Gutierrez and Henglein (1991).

Suslick and Hammerton (1986) investigated thermolytic degradation in the gaseous
region relative to solution phase degradation by measuring the rate of decomposition of
volatile metal carbonyls with varying substituted ligands. In their study, the overall
system vapour pressure was kept constant and only the vapour pressure of the metal
carbonyl was varied, causing the concentration of the metal carbonyl to increase linearly
in the vapour phase according to its partial pressure. Under such conditions, if
decomposition occurs in the gas phase only, a plot of the reaction rate coefficient versus
the vapour pressure of the metal carbonyl species will be linear with a zero intercept. If
degradation occurs in the bulk liquid only, such a plot will have a non-zero intercept
with a zero slope. First order rate constants were found to depend linearly on vapour
pressure of the metal carbonyl complex, with plots resulting in a non-zero intercept.
While Henry’s law explains the linear dependence of the decomposition rate on the
concentration of the substrate in the vapour phase, the non-zero intercept indicates
additional decomposition sites. From their data, Suslick and Hammerton (1986)

calculated temperatures and zone thickness for the cavity and interfacial regions.



Such data indicates that chemical decomposition by ultrasound involves both
thermolytic degradation in the vapour phase and chemical degradation in the solution
phase, most likely in the interfacial zone. While pyrolytic decomposition might be
expected at high solute concentrations and for volatile substrates, at lower solute
concentrations and/or for less or non-volatile species, decomposition by free radical

species, is more likely to dominate (Riesz et al., 1985, Serpone et al., 1994).

The bulk solution region was estimated to extend ~ 200 nm from the bubble surface and
had a lifetime of < 2 ps (Suslick, 1989). In the bulk liquid, no primary reactions with
ultrasonically generated radicals have been observed to occur, though it is possible that
a small number of free radicals produced in the cavities or at the interface may diffuse
into the bulk solution and react with species present (Adewuyi, 2001). Reactions
mediated by hydroxyl radicals could take place in the bulk solution at low concentration
while, at high concentration, the reaction could also take place at the interface (Kondo et
al., 1989b, Kotronarou et al., 1991).

The location of the sonochemical formation of hydrogen peroxide was investigated by
Anbar and Pecht (1964) who suggested that hydrogen peroxide is produced not in the
liquid phase but in the bubble phase. They used OHe scavengers to ascertain the
location of hydrogen peroxide formation by sonolysis and found that non-volatile OHe

scavengers did not affect the production of hydrogen peroxide while volatile ones did.

Ashokkumar et al. (1999) investigated the role of interfacially adsorbed molecules on
multibubble sonoluminscence using the solution pH. They proposed that the solutes are
adsorbed at the bubble/solution interface and then evaporated into the bubble inside

during reactified diffusion, leading to the quenching of the sonoluminescence.
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Figure 2.2 Proposed three reaction zones in the cavitation process (Adewuyi, 2001).

24 Factors Affecting Sonochemistry

2.4.1 Presence and nature of dissolved gases

There are several properties of gases that can affect sonochemistry. The specific heat
ratio (y =CyCv where Cp is the specific heat capacity at constant pressure and Cy is the
specific heat capacity at constant volume) of the gas in the bubble affects the amount of
heat released and the temperature reached when the bubble collapses. Assuming
adiabatic implosion, maximum temperatures and pressures within collapsed cavitation
bubbles were predicted by Noltingk (1950) and Nepprias (1980) from approximate

solutions of the Rayleigh-Plesset equations:



where Tg is the ambient liquid temperature or temperature of bulk solution, P is the
pressure in the bubble at its maximum size or the vapour pressure of the solution, P, is
pressure in the bubble at the moment of transient collapse, and y (= C,/C,) is the ratio of
specific heats. As can be seen from equations 1 and 2, higher temperatures and
pressures are generated with monatomic gases (such as argon and helium) with higher y
than those with diatomic gases (such as nitrogen and oxygen) with lower y. Specific

heat ratios of various gases are given in Table 2.2 (Mason and Lorimer, 1988).

Table 2.2 Characteristics of various gases of interest

Thermal conductivity
Gas Specific heat ratio(y) " oo
(100°Wm" K")

Argon 1.66 1.73

Neon 1.66 4.72

Helium 1.66 14.30
Oxygen 1.39 1.64
Nitrogen 1.40 2.52

Carbon monoxide 1.43 2.72

The solubility of the gas in the liquid used is also an important parameter. Since the
bubbles formed may re-dissolve before collapse occurs, gases with high solubility in the
reaction mixture may decrease the cavitational effect. The bubbles which do not
dissolve often become large as a result of the facile penetration of gas into the bubble
and, in some instances, may float to the surface and explode (Thompson and

Doraiswamy, 1999).

Entezari et al. (1997) studied the dependence of cavitational intensity on the nature of
the background gases by investigating the rate of carbon disulfide dissociation. They
concluded that the major factor determining the rate of ultrasonically-mediated carbon

disulfide dissociation was the gas solubility in their system.
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Another parameter that affects cavitational collapse and sonochemistry is the thermal
conductivity of the gas. A gas with low thermal conductivity prevents heat dissipation
from the cavitation site resulting in a higher localized temperature compared to a gas
with a high thermal conductivity (Table 2). As the thermal conductivity of the gas
increases, the amount of heat loss due to thermal dissipation also increases (Thompson

and Doraiswamy, 1999).

2.4.2 Acoustic power

Many researchers have found that during ultrasound, increasing the power applied to the
aqueous solution increases the rate of the reaction to a certain maximum, above which
continued increases in power input actually decreases decomposition rate (Gutierrez and
Henglein, 1990). Ratoarinoro et al. (1995a) hypothesized that this behaviour is due to
the formation of a dense cloud of cavitation bubbles near the probe tip that prevents
transmission of energy further into the liquid. Sehgal and Wang (1981) investigated the
threshold intensities and kinetics of sonoreaction of thymine in aqueous solution and
observed that cavitation chemistry of thymine was significantly reduced at relatively
higher acoustic intensities ( > 3W/cm®). The exact threshold intensity for sonochemical

activity will vary according to reactor configuration and conditions.

2.4.3 Frequency

Operating frequency significantly influences the cavitation process by affecting the size
of the bubbles being formed (Francony and Pétrier, 1996, Hua and Hoffmann, 1997,
Kang et al., 1999, Beckett and Hua, 2001, Jiang et al., 2006). Generally, the oscillating
pressure waves caused by ultrasonic irradiation cause the formation of microbubbles of
a particular resonant size before collapsing. The size of the acoustic bubble is inversely
correlated to the frequency applied (Mason and Lorimer, 1988, Hua and Hoffmann,
1997) as is expressed by the following equation :

R? = 2 3)

po;
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where R, is the resonant bubble radius, p is the density of the liquid, @, is the resonant
frequency, P, is the hydrostatic pressure (1 atm), and y (= C,/C,) is the specific heat

ratio.

At very high frequencies, the extent of cavitation is diminished as either (1) the
rarefaction period of the sound wave is insufficient in its duration and/or intensity to
initiate cavitation, or (2) the compression cycle occurs faster than the time required for
the microbubble to collapse. In the past, most sonochemical reactions were carried out
at frequency between 20 and 50 kHz. This could be due to the fact that alteration of
frequency has no significant effect in certain reactions such as the dissociation of carbon
disulfide (Entezari et al,, 1997). However, current research is showing that higher
reaction rates of sonolytic oxidation can be expected at higher frequencies (Entezari and

Kruus, 1994, Hua and Hoffmann, 1997).

Petrier ef al. (1994) found that the rate of sonochemical degradation of phenol was
enhanced at higher frequency irradiation (487 kHz) compared to that at low frequency
(20 kHz). They suggested that at the higher frequency, greater release of hydroxyl
radicals into solution contributes to increased degradation. At high frequency, more
cavitational events occur due to the smaller resonance radius of cavitation bubbles (6.6
UM at 486 kHz and 170 uM at 20 kHz) and their shorter collapse time (4.1 x107 s at
487 kHz and 100x107 s at 20 kHz). Under such conditions, more hydroxyl radicals are

generated and released into the liquid phase.

At low frequencies, larger cavitation bubbles and more violent implosions lead to higher
localized temperatures and pressures at the site of collapse. However, more cavitational
events occur and more free radicals are likely to be generated at higher frequencies.
Higher frequencies have been shown to increase the number of free radicals such as
hydroxyl, hydrogen atom radicals and hydroperoxyl radicals produced under oxic
conditions (Cum et al., 1991). Also, this frequency effect increases the mass transfer of
hydroxyl radicals into the surrounding medium and concurrently increases the transport

of gases and volatile organic compounds into the bubbles (Hung and Hoffmann, 1999).
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Kanthale et al. (2008) investigated the effect of frequency and power on
sonoluminescence and hydrogen peroxide yields using four different frequencies (213,
355, 647, 1056 kHz) and a wide range of acoustic powers. The used the numerical
simulations on the basis of single bubble dynamics and found that the dependence of
hydrogen peroxide formation on frequency was controlled by the average bubble

temperature, heat and mass transfer effects and the number of cavitation bubbles.

2.5 Sonochemical Generation of Compounds

2.5.1 Hydrogen peroxide formation

Hydrogen peroxide formation is considered indirect evidence of the generation of free
radical species by ultrasonic irradiation. Hydroxyl and hydrogen atom radicals are
generated by the thermolytic decomposition of water in the bubble cavity (H,O — OHe
+ He). In the presence of oxygen, hydrogen atom radicals react with oxygen to form
hydroperoxyl radicals (H* + O, — HO,*) in competition with recombination reactions
to regenerate water (OHe + He — H,0). Hydrogen peroxide is formed by the
recombination of hydroxyl radicals (OH* + OH* — H,0,) at the interfacial zone and/or
in the bulk solution. As oxygen is a well known scavenger of hydrogen radicals (He),
the recombination reaction (OH+ + H* — H,0) is prevented in the presence of oxygen,
and increased concentrations of hydrogen peroxide (due to the hydroxyl radical
recombination reaction) are observed when oxygen is present in solution (Harada and

Kumagai, 2003).

Due to such reactions, hydrogen peroxide formation has been used as an indicator of the
production of free radicals. Much research has been undertaken on the mechanisms and
kinetics of H>O; production during ultrasound (Weissler, 1958, Wakeford ef al., 1999,
Anbar and Pecht, 1964, Hart and Henglein, 1985, Gutierrez et al., 1986, Harada and
Kumagai, 2003).

As mentioned above, Anbar and Pecht (1964) studied the location of the sonochemical

formation of hydrogen peroxide and suggested that it is produced not in the liquid phase
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but in the vapour phase. Hart and Henglein (1985) concluded that hydroxyl radicals
produced in the gas phase form hydrogen peroxide in the interfacial zone, suggesting
that hydrophobic compounds enter the interfacial zone and react with OHe radicals,
lowering hydrogen peroxide yields. They also found that hydroperoxyl radicals (HO,*)
formed in the presence of oxygen do not react with iodide but produce hydrogen
peroxide. Similar results were presented by Henglein and Kormann (1985) who found
that the enrichment of hydrophobic solutes in the bubble or interfacial zone more easily

scavenged the OHe radicals produced under argon.

Increased oxygen concentrations generate more HO,* and subsequently more hydrogen
peroxide (HOy* + HO,* — H,0, + O,). However, when the oxygen concentration
increases above a certain point, the localized temperature at the cavitation site decreases
as the specific heat of oxygen is about 1.8 times that of argon at 1500K. Thus the
dissociation mechanisms become less effective, less reactive radicals are generated
during bubble collapse, and less H,0, is produced at higher oxygen concentrations
(Gong and Hart, 1998).

Gutierrez et al. (1986) found that oxygen was generated as a product like hydrogen and
hydrogen peroxide from ultrasonic irradiation of pure water under argon. Hydroxyl
radicals are a pathway of hydrogen peroxide formation. Also OHe radicals
disproportionate in the gas phase at higher temperatures (OHe + OHe — O< + H,0) and
oxygen might be formed by the combination reaction (O + O* — O;). They proposed a
‘structured hot spot’ model with, as mentioned before, three potential regions for
chemical reactions: (1) a hot gaseous nucleus, (2) an interfacial zone with gradient in
temperature and local radical density, and (3) the bulk solution at ambient temperature.
According to their study, hydroxyl radicals form H,O, close to these ‘hot spots’, with

the percentage of OHe radicals escaping the areas being small.

Radical scavenging reactions can also occur under air present conditions. Nitrous

species like HNO, and HNO, produced in the gas phase by nitrogen decomposition by

ultrasound irradiation can dissolve and then dissociate to form ions (NO, and NO;) in

the bulk solution. Nitrite can then react with hydrogen peroxide to form nitrate (Supeno
and Kruus, 2000).
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Harada and Kumagai (2003) suggested that nitrogen present in the air may scavenge

hydrogen peroxide formed during ultrasonic irradiation. Nitrogen is oxidized to nitric

ion or nitrous ion in water, and then oxidized by hydrogen peroxide to nitrate, NOj; .

Gutierrez et al. (1991) undertook radical scavenging studies in the sonolysis of aqueous
solutions of I', Br™, and N;. They found that the total yield of oxidised products such

as hydrogen peroxide and iodine was independent of solute concentrations and equal to
the hydrogen peroxide yield in pure water. They concluded that the hydroxyl radicals
barely escape into bulk solution and calculated a localized concentration of 4x10° M
for OH- radicals in the interfacial region between the cavitation bubbles and the bulk

liquid.

2.5.2 Sonolytic Degradation of Organic Compounds

Volatile aromatic compounds are degraded mainly by thermolytic decomposition in the
bubble cavity, where critical conditions of high temperature and pressures occur
(Drijvers et al., 1996, Francony and Pétrier, 1996, Drijvers et al., 1998, Drijvers ef al.,
1999, Gondrexon et al., 1999, Okuno et al., 2000, Jiang ef al., 2005).

Francony and Petrier (1996) investigated the sonochemical degradation of carbon
tetrachloride in aqueous solution at two different frequencies (20 kHz and 500 kHz) and
found that it was completely decomposed into C1~ and CO,. The results suggested that
carbon tetrachloride decomposed thermolytically inside the cavitation bubble to form
trichloromethyl radicals and dichlorocarbene. More rapid mineralization was achieved

at 500 kHz than 20 kHz.

Drijvers et al. (1999) carried out experiments involving the sonolysis of aqueous
solutions containing the volatile hydrophobic compounds trichloroethylene and
chlorobenzene. Both organics were decomposed by thermal degradation inside the
cavitation bubble though indirect evidence of free-radical mediated degradation was

also observed.
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Drijvers et al. (1996) investigated the effects of pH and saturating gas on the ultrasonic
degradation of trichloroethylene (TCE) at 520 and 20 kHz. They found that more
efficient TCE degradation was achieved at 520 kHz and with increasing pH up to 10
and argued that the pH effect could be attributable to the changing dominance of
different carbonate species. Under neutral and alkaline pH conditions, carbonate and
bicarbonate are the dominant species while under acidic conditions inorganic carbon is
present as dissolved carbon dioxide. The specific heat ratio, an important parameter for

critical bubble collapse (see Section 2.2.1), is significantly lower for CO, (Yeo, =

1.034) than it is for air (y,, = 1.403). The lower heat capacity ratio leads to lower

temperatures at implosion of the cavitation bubble resulting in a decrease in the number
of free radicals formed thereby lowering the efficiency of TCE degradation under acidic

conditions.

Kotrounarou and Hoffmann (1991) investigated the kinetics and mechanisms of the
sonochemical reactions of p-nitrophenol in oxygenated solution at 20 kHz. They found
that p-nitrophenol was decomposed by high-temperature reactions at the interface
region of cavitation bubbles and hydroxyl radical reactions were secondary reaction
channel. In their work, the average effective temperature of the interfacial region was

estimated to be about 800 K.

Okuno et al. (2000) investigated the rate of degradation of various aromatic compounds
by ultrasonic irradiation (benzene, chlorobenzene, 1,2-, 1,3-, 1,4-dichlorobenzene,
biphenyl, and polychlorinated biphenyls) at 200 kHz and under an argon atmosphere
and found that the rate increases according to increasing vapour pressure of the
compounds under investigation. They suggested that the main decomposition pathways
of benzene, chlorobenzene, and 1,3-dichlorobenzene, which more easily penetrate the
gas phase due to their relatively high vapour pressures, are pyrolysis either inside
collapsing cavitation bubbles or in the interfacial region. In contrast, the decomposition
pathways of biphenyl and polychlorinated, which exhibit relatively low vapour
pressures, seem to be via a combination of pyrolysis in the interfacial region and OH

radical reactions.
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Gonderxon et al. (1999) reported on the degradation of pentacholorphenol using a three-
stage sonochemical reactor operating in continuous flow mode and investigated the
effect of a variety of parameters including ultrasonic power, reactor volume and flow
rate. They showed that pentacholorphenol was degraded by hydroxyl radical reactions at
high frequency (500 kHz) and that decomposition rates were linearly related to the
ultrasonic power input. They suggested that increased power input leads to

enhancement of the cavitation zone and its associated chemical effects.

Jiang et al. (2006) investigated the degradation of 4-chlorophenol in oxygen saturated
conditions under various operating conditions. They suggested that its degradation rate
is dependent on the initial concentration of 4-chlorophenol. Degradation occurs in the
bulk solution at low concentrations, while at high concentrations 4-cholorophenol is
predominantly degraded at the bubble-liquid interface. They also found that the solution

temperature significantly influences the reaction rate.

Dewulf et al. (2001) investigated the sonolytic degradation of trichloroethylene and
chlorobenzene at micro molar concentrations. They found that the reaction rate
increased with decreasing initial concentration of organic compound. They found that
OH?e radicals induced degradation together with pyrolysis at micro molar concentrations
of these volatile compounds accounted for the removal of these compounds from
solution. They deduced that hydroxyl radical attack contributed 48.5% of the total

degradation at chlorobenzene concentrations between 1 and 5 uM.

Lim et al. (2007) examined the effect on rates of sonochemical degradation of carbon
tetrachloride, trichloroethylene and 1,2,3-tri-chloropropane in aqueous solution of
various parameters including temperature, power density, saturating gas and chemical
characteristics. They found that the reaction rates were higher at low temperatures with
larger rate constants observed for contaminants with high vapour pressure and low
activation energy. Also they found that higher power intensity and the saturating gas of
low specific heat ratio, high solubility and low thermal conductivity resulted in faster

reaction.
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Ayyildiz et al. (2007) investigated the effect of mass transfer on the sonolytic
degradation of halogenated organic compounds (trichloroethylene and ethylene
dibromide) at 20 kHz. From both theoretical and experimental results, they suggested
that Henry’s constant positively influenced the sonolytic degradation for less volatile
compounds (Hy < 0.1), while the influence of Henry’s constant on the degradation of
high volatile compounds (H,> 1) was negligible. They also found that the liquid phase

diffusion coefficient was an important parameter in the degradation process.

Beckett and Hua (2000) examined the degradation of 1,4-dioxane by ultrasound
irradiation at four difference frequencies (205, 358, 618 and 1071 kHz) under argon and
oxygen saturated conditions. They observed the maximum decomposition rate of 1,4-
dioxane at 358 kHz. They proposed that free radical mechanisms are significant over the

entire range of frequencies due to major by-product formation.

2.5.3 Sonolytic Degradation with Coupled System

As free radicals are the root cause of the oxidizing behaviour of ultrasonic systems,
many efforts have been given to improve or maximize the efficiency of free radical
production during ultrasonic irradiation (Barbier and Pétrier, 1996, Fung et al., 2001,
Abdelsalam and Birkin, 2002, Dutta et al., 2002, Beckett and Hua, 2003). Many
researchers have tried to enhance or maximize the sonolytic production of free radicals
by coupling the ultrasonic aspect with other so-called Advanced Oxidation Processes. A

brief review of such coupled processes is given below.

2.5.3.1 Fenton’s reagent

As described in Section 2.1, when ultrasonic waves irradiate an aqueous solution,
hydrogen peroxide is generated by recombination of hydroxyl radicals and
hydroperoxyl radicals (when oxygen is present) produced following the thermolytic
decomposition of water. Addition of Fe(II) should enhance the production of hydroxyl
radicals since the combination of Fe(II) and the H,O, produced during sonolysis leads

to the Fenton reaction:
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Fe'? + H,0, — Fe™ + OHe + OH" 4)

Joseph et al. (2000) examined the sonochemical degradation of aqueous solutions of
azobenzene and related azo dyes by ultrasonic irradiation at 500 kHz and 50 W under
air, Oz, or argon saturation conditions combined with the addition of Fe(II). They
observed a 3-fold increase of the reaction rate at an optimal Fe(II) concentration in the

range between 0.1mM and 0.5 mM.

Jiang and Waite (2003) investigated the effect of Fe(II) addition on the ultrasonic
degradation of phenol. They conducted the experiments using 30 W ultrasonic
irradiation at 608 kHz in air-equilibrated solutions and at various concentrations of
ferrous iron. Compared with the rate constant of 0.0165 min™ for the decomposition of
phenol by ultrasonic irradiation only, the rate constant for phenol degradation in the
presence of 500 uM Fe(Il) approximately doubled to 0.0355 min”'. Ferrous iron
concentrations up to 2 mM were investigated with optimum degradation rate of phenol
being achieved at Fe(Il) concentrations between 400 to 1000 uM with pH in the range
3.5-4.2. Increase of Fe(Il) concentration above 2 mM was found to result in a rate

constant decrease presumably due to the direct reduction of hydroxyl radicals by Fe(II).

Nam et al. (2003) also investigated the sonolytic degradation of non-volatile organic
compound by ultrasonication coupled with Fe(II). They observed enhancements of 2.8-
fold and 3.6-fold in the p-chlorobenzoic acid degradation rate at Fe(II) concentrations of
10 and 20 pM, respectively. They found that the coupled Fe(Il)/ultrasound process
enhanced the OH radical production rate by 70% compared to ultrasound alone. They
also suggested that the Fenton reaction most likely occurs in the interfacial region rather

than in the bulk solution.

Ben et al. (2005) investigated the oxidation of diethylstilbestrol (DES) in aqueous
solution by ultrasound irradiation (665 kHz) and Fe(II) addition and found that
oxidation of diethylstilbestrol is significantly enhanced by Fe(II) addition. They found
that the rate of degradation of 30 uM diethylstilbestrol increased to 25 and 50% in the
presence of 10 and 15 pM of Fe(Il) respectively. They also found that the concentration
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of hydrogen peroxide in solution decreased with the addition of Fe(II) along with an

increase in the degradation of DES.

2.5.3.2 Ozone

The concurrent use of ozone and ultrasound has been shown to improve decomposition
rates for a variety of environmentally relevant compounds relative to the application of
either method alone (Barbier and Pétrier, 1996, Kang and Hoffmann, 1998, Weavers
and Hoffmann, 1998, Weavers et al., 1998, Destaillats et al., 2000, Pétrier et al., 2002,
Lesko et al., 2006,). The combined application of ultrasound with ozone, otherwise
known as sonozone, has also been shown to oxidize natural organic matter to levels
difficult to achieve by means of either method alone. Thus, Olson and Barbier (1994)
examined the oxidation of natural organic matter by ultrasonic irradiation in the
presence of ozone achieving 91% removal of TOC while only 40% removal was

obtained with ozone alone.

Barbier and Petrier (1996) carried out experiments on 4-nitrophenol degradation by
ultrasound irradiation (at frequencies of 500 and 20 kHz) combined with ozone. They
found that the coupling of ultrasound and ozone could enhance the mineralization of 4-
nitrophenol even at low pH, conditions normally unsuitable for oxidation by ozone
alone. Their study went on to show that the ultrasonic irradiation plays an important role

in the efficiency of ozone decomposition.

Weavers et al. (1998) examined the degradation of nitrobenzene, 4-nitrophenol and 4-
chlorophenol in aqueous solutions using a combination of sonolysis and ozone. They
found that sonolytic ozonation enhanced the loss of total organic carbon at both 20 kHz
and 500 kHz with all three compounds. They concluded that an increase in the
concentration of hydroxyl radicals formed during the thermal decomposition of ozone
was the major reason for the enhancement evident in the combined system rather than

simply an enhancement in mass transfer of ozone in aqueous solution due to sonolysis.

Ozone itself decomposes in water through a series of complex reactions. During its

decomposition free radicals such as O« and OHe are generated and they may further
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react with ozone until it is completely depleted. During sonolysis, ozone is
thermolytically decomposed within the gas phase of the cavitation bubble in the

following reactions:

O3 = 0, +0e ®))
O+ + H,O — OHe + OH- (6)

The radical products formed may then diffuse into the interfacial region next to the
bubble where they can then react with solution phase species. In the absence of radical
scavengers in the gas phase, oxygen radicals may also attack ozone, inhibiting the
production of further radicals by generating dioxygen (Os + O3 — 20,). The additional
hydroxyl radicals formed from the decomposition of ozone in the vapor phase, coupled
with hydroxyl radicals created during the thermolytic dissociation of water during
sonication, explain the improved degradation rates observed in combined sonolysis and

ozone systems.

2.5.3.3 Photocatalysis

Besides ozone, much research has also been directed towards the combination of
ultrasonic irradiation and ultraviolet irradiation in an effort to improve oxidation
efficiency. Sierka and Amy (1985) analyzed the catalytic effects of combining UV and
sonolysis with ozone for the oxidation of humic acid and trihalomethane precursors and
found that the combination of all three systems (UV/ultrasound/ozone) was the most
effective process for the decomposition of organic compounds. The results of Petrier et
al. (2002) supported this finding, showing the most effective decomposition of an azo
dye occurred with all three applications combined. Toy (1990) showed that the
oxidation of 1,1,1-trichloromethane was improved by combining sonoloysis and

photolysis relative to either process alone.

Shirgaonkar and Pandit (1998) examined the destruction of 2,4,6-trichlorophenol using
a combination of ultrasound and photocatalysis under different operating conditions
such as ultrasonic intensity, solution temperature, and UV transmission. They found that
the synergetic effects of the combined system were more marked at lower intensity. As

the ultrasonic intensity was increased, however, no significant improvement in
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oxidation rates was observed compared to ultrasonic irradiation alone. Degradation rates

by the combined system were entirely independent of the mode of UV transmission.

Kubo et al. (2005) investigated the degradation of phenol by ultrasonic irradiation in the
presence of TiO, under dark conditions. Phenol degradation rates varied with the
amount of TiO, and the level of dissolved oxygen present. The kinetic model they
proposed to explain their results included OH- radical formation by thermolytic water
dissociation, oxygen atom formation by thermolytic decomposition of oxygen and TiO;
catalysis. The latter effect occurred as a result of positive holes generated in the vicinity
of the TiO; surface on sonication. The positive hole reacts with water to produce a
hydroxyl radical. The physical effects of ultrasonic irradiation have been shown in
separate photocatalysis studies (Mrowetz et al., 2003, Harada, 2005). These studies
show that the dechlorination rate of PCBs using TiO; in the presence of ultrasound is
dramatically increased. This improvement in process efficiency could be explained by a
variety of factors including continual particle cleaning, increased mass transfer rates and
reduction in TiO, particle size which increases the effective surface area of the

semiconductor.
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Chapter 3

Materials and Methods

3.1 Introduction

A series of experiments were conducted in which frequencies, initial concentration of
substrate and solution composition including pH were varied for different background
gases (air, argon, oxygen, and nitrogen). Hydrogen peroxide, ferrous iron, and
concentration of the model organic compounds formic acid and phenol were monitored
over the duration of the reaction. All experiments were conducted at 25 °C. In this
chapter the chemicals, instruments and analytical techniques used in acquiring the data
are described. In addition, computational approaches used for mathematical modelling
are summarised. Details specific to particular studies are described in subsequent

chapters.

3.2 General Reagents

All solutions were prepared with 18 MQ.cm Milli-Q water unless otherwise stated.
Chemicals were used as received. Glassware and plasticware was soaked in a 10%
HNOs acid bath for at least 3 days and rinsed with Milli-Q water prior to use. All pH
adjustments were performed using high purity 30% w/v HNO; and 0.1 N NaOH (Fluka

puriss p.a. plus).
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3.3 Instruments

3.3.1 Ultrasonic system

The ultrasound equipment used in this study was supplied from Radiocom Systems
(France) and contained three generators emitting radiation of 300, 600 and 800 kHz.
Accompanying the generators were reactors equipped with transducers to produce the
three different ultrasonic frequencies of interest. The generators as well as the

transducers and reactors are shown in Figure 3.1.

The sonochemical device incorporates a radio frequency generator-amplifier connected
to 4 cm diameter piezo-electric disc transducers (PZT) fixed on a titanium plate at the
bottom of a 400 mL Pyrex glass reactor. A low voltage connection (12 V) activates an

electric fan in order to dissipate excess heat generated by the transducer.

In order to optimize frequency control, the power input was increased progressively
until the designed acoustic power was achieved. Acoustic power is converted from the
electric power by the relationships shown in Figures 3.2 to 3.4 at each frequency.
Frequency adjustment is obtained using the ADJUST button which on turning has to
indicate the highest value on the vu-meter. If the transducer becomes noisy, it indicates

that operation at this particular frequency is unworkable.

In order to maintain consistent temperature in the reaction solution, the reactor was
fitted with a threaded cooling jacket attached to a constant temperature water bath

which enabled control of solution temperature between 0 and 35°C.

Studies were undertaken under air, argon, oxygen or nitrogen atmospheres with the gas
of interest sparged continuously through the reaction solution for 20 to 30 minutes prior
to ultrasonic irradiation. Silicon lid with sampling port and gas inlet has been used to

prohibit the any influx of air. Gas sparging was stopped during experiments.
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Figure 3.1 Reactors with underlying ultrasonic transducers (top) and ultrasonic
generators (bottom) used in all studies reported here.



3.4 Methods

3.4.1 Calorimetric measurement

The sonochemical reaction results from the formation, growth and sudden implosion of
microbubbles (a process known as “cavitation”). Generally, applied electrical power
cannot be transferred to aqueous media without loss. Therefore, measurement of the
actual power input to the solution, or acoustic power, is necessary. A simple
calorimetric method has been frequently used to measure acoustic power in ultrasonic
applications (Mason, 1992). Actual power can be calculated using the following

equation:

=dr o~
Power 0 CP M (1)

where d7/dt is the temperature variation over a particular time interval, C, is the heat

capacity of the solvent (4.184 J kg K') and M is the mass of solvent used (kg).

To implement the calorimetric method described above, the temperature was recorded at
certain time intervals using a thermocouple placed in the reactor. The temperature
variation during sonication was then plotted versus time, and d7/df calculated by linear
regression of the data. As the power is dissipated into solution via the PZT transducer of
a certain area, the acoustic intensity (W/cm?) supplied by the ultrasonic irradiation can

be calculated using:

Acoustic Power(W)
Area(cm’®)

Intensity = (2)

Intensity used in this study was about 2.4 W/cm? at 30W of acoustic power.
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3.4.2 Characteristics of ultrasonic irradiation

As electrical power input cannot be directly transferred without loss to ultrasound
waves in aqueous solution and as the extent of power loss may vary with frequency, the
applied power was normalized using the calorimetric technique described above. The
electrical power input was used to control the acoustic intensity input to the solution.
Experiments with deionized water were conducted in order to generate calibration
curves relating electrical power input to acoustic intensity in a relationship known as the

acoustic yield.

For each frequency, the acoustic intensity in solution can be calculated using the
calibration curves shown in Figure 3.2 to 3.4. The figures show that the acoustic yield is
54% at 300 kHz, 56% at 600 kHz, and 46% at 800 kHz. Using these results, a
normalized acoustic power of 30 W was applied in order to compare results of

experiments at different frequencies.
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Figure 3.2 Acoustic yield from the calorimetric method at 300 kHz
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3.4.3 Hydrogen peroxide measurement

Hydrogen peroxide generation is considered indirect evidence of free radical species
produced by ultrasonic irradiation with hydrogen peroxide formation arising from both
the recombination of hydroxyl radicals and of hydroxperoxyl radicals (these reactions

are discussed further in Chapter 4).

OH- + OHe — HzOz (3)
HO,+ + HO;* — H,0, + O, (4)

The concentration of H,O, was determined either by the iodomeric method or, if Fe(II)

was present, by the DPD method. Both methods are described below.

3.4.3.1 Ilodometric method

The concentration of H,O; in solution was determined spectrophotometrically using the
iodometric method (Allen ef al., 1952, Kormann et al., 1988) provided Fe(II) was not
presented. Samples (0.5 mL to 2.0 mL) from the reactor were diluted with Milli-Q water
to 2.0 mL and mixed with 2.0 mL of 0.1 M potassium biphthalate and 2 mL of a
solution containing 0.4 M KI, 0.06 M NaOH, and 2x 10* M ammonium molybdate. The
sample was then placed in a quartz cuvette (1.0 cm path length) and absorbance

measured at a wavelength of 350 nm (&,_= 26400 M cm™) using a Cary 1E UV-Vis

spectrometer.

3.4.3.2 DPD method

The DPD method was used to analyze hydrogen peroxide in experiments in which
Fe(Il) was present (Bader et al., 1988). In this study, the method was modified in order
to minimize interference by ferrous and ferric iron. 1,10-phenanthroline was used as
complexing agent for ferrous iron while ferric iron was quenched by EDTA (0.5M
Na,EDTA); such modifications have been used in previous studies for H,O, analysis in
the presence of iron (Duesterberg et al., 2005). 1 mL of sample was quenched by 2 mL
of 1,10-phenanthroline solution followed by addition of 750 pL of a phosphate buffer
(pH 6.5, 0.5 M phosphate) to establish the appropriate pH for DPD analysis. 400 pL of
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the EDTA solution was then added to complex any Fe(III) present. The sample was then
placed in a quartz cuvette to which 30 uL. of DPD reagent (1% in 0.1M H,SO4) was
added, followed by 30 pL of horseradish peroxidase (=0.8 mg/mL). The absorbance
was then measured at 551 nm (& = 21000 M" cm™) using a Cary 1E UV-Vis
spectrometer. The peroxidase and DPD solutions were stored for no more than two

weeks.

3.4.4 Phenol and intermediates measurement

Phenol and its oxidation byproducts were measured using a Hewlett-Packard 1100
series HPLC system with a diode array detector and fluorescence detector and equipped
with an Alltech ODS-2 250mm column. Detection wavelengths for the diode array
detector (DAD) were set at 290 nm (for hydroquinone), 275 nm (for phenol and
catechol) and 254 nm (for benzoquinone). Emission and excitation wavelengths for the
fluorescence detector (FLD) were 310 nm and 270 nm for phenol, 330 nm and 290 nm
for hydroquinone, and 320 nm and 275 nm for catechol. An acetonitrile/water
(20%/80%) mixture containing 1% acetic acid was used for the mobile phase at a flow
rate of 1 mL/min. Comparing retention times with standards confirmed the identity of
the byproducts, and their concentrations were calculated using calibration curves
generated from standard solutions. Calibration curves were updated whenever a new
stock solution of phenol was used for experiments. Calibration curves for phenol and
phenolic by-products developed with both the diode array detector and the fluorescence

detector are shown in Figures 3.5 and 3.6.
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Figure 3.5 Calibration curve for phenol analysis by HPLC using either the DAD (¢) or
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Figure 3.6 Calibration plots obtained by HPLC with DAD for phenol byproducts
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3.4.5 CA"~ analysis

A variety of studies were undertaken utilising formic acid as a simple target organic
compound with CO2 being the major product of hydroxyl radical attack. The extent of
conversion of formic acid to CO2 was determined utilising radiolabelled formic acid.
Specifically, M~C-labelled formic acid (Na™*COOH, from Sigma) was added at trace
levels to formic acid and analyzed using a Packard Tri-Carb 2200 TR Liquid
Scintillation Counter. The samples were then vigorously sparged with air for at least 30
seconds to drive out any ""COi remaining in solution from the oxidation of HMCOOH. 1
mL of the sample solution was then added to 10 mL of Beckman liquid scintillation
fluid for analysis in a Packard Tri-Carb 2100TR Liquid Scintillation Analyzer. HCOOH
concentrations were calculated using calibration curves determined with H“*COOH
standards. Calibration curves were updated whenever fresh stock solutions of H“*COOH
were made. Figure 3.7 shows the calibration curve obtained from a series of samples of

known concentration.
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Figure 3.7 Calibration curve developed for determination of formic acid concentration



3.4.6 Fe(ll) measurement

Ferrous iron (Fe(Il)) was measured spectrophotometrically using 1,10-phenanthroline
(Fortune and Mellon, 1938). Stock solutions of Fe(Il) at 1 mM were prepared by
dissolving ferrous sulfate (Fe;SO4-7H20) (Ajax Chemicals reagent grad) in 2 mM HCL
Stock solutions were prepared every three months and stored in the dark below 4°C.
Determination of Fe (II) concentration in the stock solutions was undertaken regularly
to ensure that Fe(Il) was not oxidized during the storage period. Ferrous iron
concentrations were calculated using calibration curves made from a series of Fe(II)
standard solutions. Control experiments measuring Fe(II) in the presence of ferric iron
showed negligible interference in absorbance readings at 510 nm using a Cary 1E UV-

Vis spectrometer.

3.4.7 Nitrate measurement

Nitrate concentration was monitored at 220 nm using UV-VIS spectrophotometer
(Greenberg et al., 1992). Its concentration has been calculated by the calibration curve

established by standard solution (500 pM of NaNQO3).

3.4.8 Computational analysis

Kinetic modelling of various chemical reaction mechanisms was undertaken using the
computer modelling program KINTECUS (Ianni, 2002) and ACUCHEM (Braun et al.,
1988) coupled to a MATLAB interface developed by Dr. Andrew L. Rose, unless
otherwise stated. ACUCHEM provides a solution of differential equations that result
from chemical reaction kinetics using implicit, variable order, linear multi-value
integration methods. The integration time step is determined automatically based on the
integration tolerance specified by the user, which was 0.001 in our case. Variable or
unknown rate constants for modelling were optimized using numerical fitting routines

built into KINTECUS.
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KINTECUS (Ianni, 2002) features the ability to fit or optimize unknown or poorly
defined rate constants by minimising the error between simulated and experimental data.
The software provides a number of fitting/optimization algorithms as well as statistical
methods for comparing experimental and simulated data. Optimized rate constants
presented and discussed in this work were obtained using the Powell fitting algorithms
and the relative least squares method as the comparison operator (Vetterling et al.,
1992). For the fitted rate constants proposed in this work, the algorithm produced

optimized values within 5% of each other.

In addition to kinetic modelling and rate constant optimization, sensitivity analysis of
the reaction mechanisms used was conducted to distinguish the relative importance of
various reactions. Normalized sensitivity coefficients are used in accurate mechanism
reduction, determining which reactions are the main sources and sinks and which also
shows which reactions require accurate rate constants and which ones can have

essentially guessed rate constants.

Examination of the sensitivity of the model (i.e., changes in species concentrations) to
perturbations in various rate constants was undertaken using normalized sensitivity
coefficients (NSCs) and by performing principal component analysis (PCA) (Vajda et
al., 1985). A reaction that has a very small NSC for a species indicates that it has
negligible influence on the species regardless of the rate constant or the concentration of

reactant species (Gautier et al., 1985).

ok Olnk )
k

NSCs were determined numerically at 10 equally spaced time intervals over the
experimental reaction time using KINTECUS. In order to gauge the overall effect of
perturbations in each rate constant on each species over the entire reaction time, the sum

of the squares of the NSCs was calculated using
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Sum of squares of NSCs for the jth rate constant = ZZ(S,., (@, ))?

n=l i

where i represents those species whose concentration was measured experimentally.

While NSCs provide an excellent measure of the system response to varying rate
constants one at a time, they do not account for the relationships between closely
interacting reactions (Vajda et al, 1985, Turanyi, 1990). To account for such
interactions, principal component analysis was undertaken according to the method of
Vajda et al. (1985).

In the principal components analysis, the smallest eigenvalues represent eigenvectors
that contribute an insignificant amount to the system response, so that only those
eigenvectors with the largest eigenvalues need to be considered. Inspection of these
eigenvectors reveals which rate constants, or principal components, contribute the most
to the systems behaviour. PCA was performed by considering only the NSCs calculated
for species whose concentrations were experimentally determined. PCA was performed

automatically using the KINTECUS add-on software package, ATROPOS (Ianni, 2002).
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Chapter 4

Hydrogen Peroxide Generation
and Formic Acid Degradation
By Ultrasonic Irradiation

4.1 Introduction

As mentioned in Chapter 2, hydrogen peroxide formation has been considered indirect
evidence of free radical generation by ultrasonic irradiation (Weissler, 1958, Wakeford
et al., 1999). The ultrasonic irradiation of aqueous solutions generates small cavitation
bubbles which may grow and suddenly collapse and, in so doing, create localised
regions of high temperature (over 5000 K) and pressure (up to 1000 atm) (Mason and
Lorimer, 1988, Suslick ef al., 1986, Henglein, 1993). Under these conditions, hydroxyl
and hydrogen atom radicals are generated by the thermolytic decomposition of water

within the cavity; 1.e.

H,0 — OHe + He (1)

From here-on in our discussion, we will refer to the reaction shown in eq.(1) as the

initiation reaction.
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While the radicals generated by the initiation reaction may recombine to form water, i.e.

OHs + He — H,0 )

both hydroxyl radicals and hydrogen atom radicals may also react with themselves to

generate, respectively, hydrogen peroxide and hydrogen gas; i.e.

OHe + OHe — H,0; (3)

He + He — H, )

Due to the direct link between hydrogen peroxide formation and hydroxyl radical
generation, considerable interest has been shown in using the relatively easily measured
(and relatively stable) hydrogen peroxide as an indicator of the behaviour of the

hydroxyl radicals.

While there have been a number of studies on the sonochemical generation of hydrogen
peroxide, the analysis of the underlying processes leading to H,O, formation have been
relatively cursory. Anbar and Pecht (1964) researched the location of the sonochemical
formation of hydrogen peroxide by using hydrophobic and hydrophilic hydroxyl radical
scavengers. The results showed that non-volatile OHe scavengers do not affect the
production of hydrogen peroxide while volatile OHe scavengers significantly inhibited
hydrogen peroxide production suggesting that hydrogen peroxide is produced in the
bubble rather than the bulk solution. This result was further supported by Hart and
Henglein (1985) who showed that hydroxyl radicals produced in the bubble form
hydrogen peroxide in an interfacial zone with the yield of hydrogen peroxide decreasing
on addition of hydrophobic compounds. Similar observations were reported by
Henglein and Kormann (1985) who found that enrichment of hydrophobic solutes in the
bubble or interfacial zone resulted in OH radical scavenging. These observations were
further supported by a more recent study (Rassokhin ez al., 1994) which suggested that
the non-homogenous initial spatial distribution of hydroxyl radicals in the solution

accounted for the suppression of hydrogen peroxide formation by hydroxyl radical
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scavengers. They found that certain hydroxyl radical scavengers (ethanol, methanol,
acetate, tert-butanol, and dioxane) reduced the rate of hydrogen peroxide formation in

accord with their hydrophobic nature.

The affect of the properties of the gas used in sonochemical studies on the hydroxyl
radical production has also not been defined clearly. The gas property affects the
temperature and pressure in the bubble and hence the sonochemical activity. In addition,
depending on the gas present in the system, additional radical reactions may occur. For
instance, in the presence of oxygen, the hydrogen atoms may react with oxygen leading
to the formation of hydroperoxyl radicals that may in turn disproportionate to hydrogen

peroxide at the interfacial zone and/or in the bulk solution; i.e.,

He + O; — HO;* (5)
HO,* + HO,* — H,0, + O, (6)

As would be expected from reactions (5) and (6), HO,* mediated production of

hydrogen peroxide would be expected to increase as the oxygen concentration increases.

In this study, new insights into the factors influencing hydrogen peroxide formation are
obtained by examining the effect of different frequencies and dissolved gases on rate
and extent of hydrogen peroxide formation. Also, experiments were conducted in the
presence of a simple organic, formic acid, in an effort to examine the sonochemical
degradation mechanism. Formic acid was chosen as the target compound due to its
simple chemical characteristics and degradation mechanism. Effects of parameters
including ultrasonic irradiation frequency, dissolved gas and pH on formic acid
degradation rate are investigated. The mechanism proposed in this chapter will be used
to underpin discussion of the results of more complex systems presented in later

chapters.
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4.2 Materials and Methods

4.2.1 Experimental setup and reagents

All chemicals were reagent grade and used as received. All reagents were prepared in
18 MQ.cm resistivity Milli-Q water unless stated otherwise. The pH of the solutions
was initially set at 3.5 using 0.1 M nitric acid but with no subsequent attempt made to

control the pH.

Sonolysis was performed at three different frequencies (300, 600 and 800 kHz). As
described in Chapter 3, the ultrasound reactor used in this research was supplied by
Radiocom Systems (France) with separate generators producing radiation of particular
frequency. As described in Section 3.3.1, the ultrasonic power dissipation was
controlled with acoustic power of 30W delivered in each run. Acoustic power was
measured using the calorimetric methods described in Section 3.3.1. The aqueous
solution was equilibrated with different dissolved gases (air, argon, oxygen and
nitrogen) as required with sparging continued for at least 15 minutes prior to each run.
Gas sparging was implemented using a submerged diffuser which was inserted through
a hole in the silicon cover. Gas supply was discontinued during the actual run. A silicon
lid with gas-tight sampling ports was used to prevent the system from resaturation by air

during sonolytic irradiation.

C!" labeled formic acid (Na'*COOH, from Fluka) was used as received. A stock
solution of 10 pM formic acid was prepared by adding 56 pL of C'* labelled formic acid
to 100mL of Milli Q water. Solutions with formic acid concentrations ranging from 5
nM to 1 uM were made from the stock solution and used in the sonolysis experiments.
Samples were taken at discrete intervals over the duration of sonolysis (typically one
hour) for subsequent analysis of both hydrogen peroxide and formic acid concentrations.
Samples for formic acid analysis were sparged with argon for at least 30 seconds to

remove any '*CO; remaining in the solution.
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4.2.2 Methods

Aliquots were removed from the reaction solution at selected times and the
concentration of hydrogen peroxide (and nitrate in some instances) were determined
spectrophotometrically using the methods described in Section 3.3.3. The concentration
of C'* was analyzed using a Packard Tri-Carb 2200 TR Liquid Scintillation Analyzer as

described in Section 3.3.5.

4.3 Results and Discussion

4.3.1 Impact of dissolved gas properties on hydrogen peroxide
formation by ultrasonic irradiation

Sonolysis of water at a temperature of 25°C and applied frequencies of 300, 600 and
800 kHz under argon saturated conditions resulted in reasonably linear increase in
hydrogen peroxide concentration over the duration of the experiment suggesting that the
reaction follows zero order kinetics (Figure 4.1). This linear relationship was also
observed under oxygen and nitrogen saturated solutions (Figures 4.10 and 4.11). Given
that the pH of the reaction mixture increases from 3.5 to 4.8 over this time period, the
linearity of these production plots suggests that hydrogen peroxide production rate is

not influenced significantly by the solution pH.

Rates of hydrogen peroxide formation for different dissolved gases and frequencies are
summarised in Table 4.1. As shown in Table 4.1, the hydrogen peroxide formation rate
varies from 0.47-4.5 uM/min at 300 kHz, 0.15-2.9 pyM/min at 600 kHz and 0.25-2.1
uM/min at 800 kHz depending on the gas composition. This suggests that composition
of the dissolved gas is an important parameter in controlling hydrogen peroxide
formation. The variation in the physical properties of the dissolved gases causes
variation in the initiation reaction (eq. 1) and other radical reactions (eq. 2-6), thereby

affecting hydrogen peroxide formation.
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Table 4.1 Summary of hydrogen peroxide formation rate under different dissolved gases

and frequencies.

Dissolved gas Hydrogen peroxide generation rate (uM/min)
Frequency Argon | Nitrogen | Oxygen Air
300 kHz 2.6 0.47 4.5 4.3
600 kHz 29 0.15 2.8 2.7
800 kHz 2.1 0.25 1.8 1.6

The physical properties of the gases used in this study are shown in Table 4.2 (Lide,
2005). It is well known that gases with larger specific heat ratio (y) demonstrate higher
rates for the initiation reaction (Mason, 1991). As described briefly in Chapter 2, the

maximum temperature and pressure in the cavities depends on y and is described by:

_ o[ By =)

Tmax - TO( P ) (7)
_plBr=1) ]

Pmax - P( P ) (8)

where T, and P are the ambient liquid temperature and pressure in the bubble at
maximum size respectively (Mason, 1991). The pressure in the bubble at the moment of

transient collapse (acoustic pressure) is denoted as Py,

The higher the maximum temperature and pressure achieved in the bubble, the higher
will be the rate of generation of hydrogen atoms and hydroxyl radicals and thus the
higher the rate of hydrogen peroxide generation. The maximum temperature and
pressure calculated using equations (7) and (8) with different dissolved gases are

presented in Table 4.3.

The solubility of the gas may also affect sonochemical activity. Gases which are more

soluble in the aqueous solution may diffuse into the cavitation bubble more readily.
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Dissolved gases form the nuclei for cavitation thus more soluble gases result in a greater
number of cavitation nuclei and extensive bubble collapse because gases are readily
forced back to the aqueous phase (Adewuyi, 2001). Due to increase in cavitation nuclei,

the rate of the initiation reaction increases with increase in solubility of the gas.

Thermal conductivity is also an important parameter affecting sonochemical reactions.
Although bubble collapse is modelled as an adiabatic process, a small amount of heat is
transferred to the bulk solution during collapse. As the thermal conductivity of the gas
increases, the amount of heat loss due to thermal dissipation also increases (Nikitenko et

al., 2004); hence the rate of initiation reaction decreases.

Though the dominant property (specific heat ratio, solubility and thermal conductivity)
affecting initiation reaction is not clear; based on the affect of all the properties
described above, it is expected that the rate constant for initiation reaction for argon,

oxygen, nitrogen and air will follow the pattern given below:

Nitrogen = Air < Oxygen < Argon

Table 4.2 Physical Properties of dissolved gases used.

Specific heat Thermal Conductivity Solubility in water
ratio, y (m W/(m'K), 300 K) (mL gas/100g water, 20 °C)
Argon 1.67 17.9 3.30
Oxygen 1.40 26.3 3.10
Nitrogen 1.40 26.0 1.54
Air 1.40 26.2 1.87
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Table 4.3 Theoretically calculated values of Tpax and Prax by Equations (7) and (8) for

the different dissolved gases.

Tmax(I() Pmax(atm)
Air, Oxygen & Nitrogen 5100 500
Argon 8400 100

4.3.2 Impact of ultrasonic frequency on hydrogen peroxide
formation

As summarized in Table 4.1, the frequency of the ultrasonic radiation also affects the
hydrogen peroxide formation rate. The frequency of the ultrasonic radiation applied is
recognised to be one of the main parameters influencing hydroxyl radical production
and, concomitantly, hydrogen peroxide formation rates (Pétrier et al., 1992, Entezari
and Kruus, 1994, Hung and Hoffmann, 1999, Kang et al., 1999). The resonant radius of
an acoustic bubble is inversely correlated with the ultrasonic frequency applied and its

relationship is represented by the following equation (Leighton, 1994) ;

R =20 ©)

P,
where p is the density of the solution, @, is the resonant frequency, R, is the resonant

radius, Py is the hydrostatic pressure (1 atm) and vy is the specific heat ratio. Knowing
the resonant radius, the bubble collapse times (1) at each frequency can be calculated

using the equation proposed by Mason and Lorimer (1988); i.e.,

r=0915R |2 (10)
P.

where 7 is the bubble collapse time, R, is the resonant radius, p and p, represent the

density of the liquid and ambient pressure respectively.

At the higher frequency, collapse of bubbles occurs more rapidly due to the smaller

resonator radii. The higher collapse rate of bubbles may result in a higher mass transfer
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rate between the interface and the bulk solution. With increasing frequency, the
pulsation and collapse of the bubble takes place more rapidly leading to more radicals
escaping from the bubble. However the acoustic period is much shorter at high
frequency, resulting in decreased cavitation bubble size. This can decrease the
cavitation intensity and consequently reduce the rate of the initiation reaction.
Considering an adiabatic collapse, lower frequencies will result in a more violent
collapse than higher frequencies due to greater resonant bubble sizes (Petrier et al.,
1992). Thus, it is reasonable to conclude that, for each dissolved gas, there exists an
optimum frequency where sufficient energy is available to release hydroxyl radicals
along with fast mass transfer rate of the hydroxyl radical to the bulk solution due to
rapid bubble collapse. This hypothesis is supported by our experimental results which
show that hydrogen peroxide formation depends non-linearly on frequency under all

conditions examined.

It should be noted that the sonochemical activity could be optimized by combining
conditions such as frequency and dissolved gas. In the following section, we discuss the
impact of dissolved gases and frequency in much more detail with the aim of

identifying the optimum frequency under each condition examined.

4.3.3 Hydrogen peroxide formation and formic acid degradation
under argon saturated solution

4.3.3.1 Formation of hydrogen peroxide by ultrasonic irradiation

4.3.3.1.1 Effect of Frequency

From the slopes of the plots shown in Figure 4.1, the rate of hydrogen peroxide
generation is found to be 2.6 pM/min at 300 kHz, 2.9 pM/min at 600 kHz and 2.1
uM/min at 800 kHz. The calculated values of resonant radii and bubble collapse time
(using eq. 9 and 10) in argon-saturated solution at various frequencies examined are
shown in Table 4.4. As discussed earlier, at lower frequency (300 kHz in this study)
more violent collapse occurs resulting in a higher hydroxyl radical generation rate from
the initiation reaction. However, the mass transfer rate of hydroxyl radical and hydrogen

peroxide to the interface and bulk solution is expected to be slow at this frequency,
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resulting in lower levels of hydrogen peroxide in the bulk solution. Our results further
demonstrate that under argon saturated solution, optimum frequency with respect to

hydrogen peroxide generation in the bulk solution is close to 600 kHz

150-

100-

Time, min

Figure 4.1 Hydrogen peroxide formation at three frequencies under argon saturated

solutions for 30W( acoustical power) and pH 3.5.

Table 4.4 Properties of bubbles formed on sonication of argon saturated solution at
25°C using radiation of 300, 600 and 800 kHz frequency.

Resonance Surface N Bubble
(T(rl?l% Radius area(A) Vol.(V) AA collapse time
("m) (nm") (lisec)
300 11.83 1.76x10™  6.94x10" 0.25 1.08
600 5.92 4.40x10"  8.67x10" 0.51 0.54

800 4.44 2.47x10" 3.66x10" 0.68 0.41



4,3,3,1,2 Effect of addition of hydrogen peroxide, formic acid and phenol

Given that hydrogen peroxide is itself capable of scavenging both hydroxyl (*OH + H202

«HOz + H20) and hydrogen atom free radicals (H202 + -H -> «OH + H20) (Buxton et al.,
1988, Ershov et al, 2003), we examined the effect of hydrogen peroxide addition on its
generation by ultrasonic irradiation. As shown in Figure 4.2 however, there is no
significant effect of hydrogen peroxide addition on rate of generation of hydrogen

peroxide up to 200laM.

400

Time, min

Figure 4.2 Hydrogen peroxide formation in the absence and presence of added hydrogen
peroxide under argon saturated solutions at 800 kHz and 30w (« : 200 \iM of H202, » :

100 [liM of H202, A: no addition). Slope = 1.85+0.07 “M/min.

Similarly no affect of formic acid addition on hydrogen peroxide production was
observed for formic acid concentration up to 500 (Figure 4.3 (a)). In contrast, the
presence of phenol exerted a significant effect on hydrogen peroxide formation rate

(Figure 4.3 (b)). These observations support the results presented in earlier studies (Hart



and Henglein, 1985, Gutierrez and Henglein, 1991) that hydrogen peroxide is formed by
free radical combination reactions either within the bubble (gaseous zone) or at the
bubble-water interface with minimal effect of potential hydrophilic hydroxyl radical
scavengers (such as hydrogen peroxide and formic acid) on hydrogen peroxide
generation rate. However, more hydrophobic hydroxyl radical scavenger such as phenol

has a significant effect on hydrogen peroxide generation.

Time, min

Figure 4.3 Effect of organic compounds on hydrogen peroxide formation, (a) : formic
acid (b) : phenol. Conditions : 300 kHz, pH 3.5, argon saturated solutions(B: 10 fiM e:
100 fiM A :300 |iM T :500 fiM of either phenol or formic acid).



4.3.3.2 Sonolytic degradation of formic acid under argon saturated

solution

4,3,3,2,1 Effect of frequency

The results of sonolytic degradation of aqueous solutions of 200 nM formic acid under
three different frequencies are shown in Figure 4.4. Formic acid degradation followed
pseudo first order Kinetics with the maximum pseudo first order rate constant (0.087
min'~) observed at 600 kHz. Since hydrogen peroxide provides a measure of hydroxyl
radical formation and formic acid degradation potentially occurs by hydroxyl radical
attack, this observation is in agreement with our earlier result which showed that
maximum hydrogen peroxide formation rate in argon-saturated system occurs at 600
kHz.

Figure 4.4 Formic acid degradation by ultrasonic irradiation under argon saturated
solution (A :800kHz, « : 600 kHz, « : 300 kHz.



4.3.3.2.2 Effect of initial concentration on formic acid degradation

The effect of initial concentration of formic acid on the pseudo first order rate constant
was investigated using formic acid concentrations in the range of 5-1000 nM at 600 kHz.
The degradation of formic acid followed pseudo first-order reaction kinetics at all
concentrations examined. The pseudo first order rate constant for various conditions
examined are summarized in Figure 4.5. Formic acid degradation rate was shown to be
dependent on the initial concentration with the rate constants decreasing on increasing
formic acid concentration as depicted in Figure 4.5. The rate constant decreased sharply
at low concentrations of formic acid but the rate of decrease in formic acid degradation
rate slowed on increasing formic acid concentration. While formic acid degraded
exponentially with time irrespective of its concentration, the observed rate constant
decreased from 0.0812 min" at 5 nM to 0.0241 min™ at 1 pM. A plot of log (rate
constant) versus log [formic acid] yielded a straight-line relationship (+* = 0.90) from
which the following empirical equation, k¥ = 0.1071[HCOOH]****!| was obtained. This
observation is consistent with earlier reports (Hung and Hoffmann, 1998, Dewulf ef al.,
2001, Gogate et al., 2006) which showed that the amount of hydroxyl radicals produced
at the interface during ultrasonic irradiation decreases with an increase in organic
concentration because of absorption of heat energy generated in the bubble due to
adsorption of organic molecules to the bubble surface. Increasing organic compound
concentration in the bulk solution increases the amount of organics that can penetrate
into the bubble during bubble expansion. The evaporated molecules may consume part
of the heat energy that is generated during pyrolysis resulting in decrease of the bubble

temperature and hence reduction in extent of hydroxyl radical generation.
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200 400 600 800 1000 1200
[HCOOH], nM

Figure 4.5 Effect of initial concentration of formic acid on sonolytic degradation of
formic acid. Conditions: 600 kHz, 30W, pH 3.5, argon saturated solutions, and
[HCOOH]o= 200nM

4,3,3,2,3 Effect of initial pH

pH of solution may affect the degradation rate of formic acid by ultrasonic irradiation as
a result of two principal effects both of which are related to the pH dependent charge of
the dominant species present: (1) the interfacial zone present between the cavitational
bubble and bulk solution is negatively charged (Jiang et ai, 2002, Singla et al, 2004)
which may affect mass transfer rate of negatively charged species through the interface;
(2) the speciation of organic compounds may affect the rate constants for reactions with

free radicals (Serpone et al., 1992, Tauber et al., 2000, Jiang et al., 2002).

In order to determine the effect of solution pH on formic acid degradation Kinetics,
experiments at various solution pH were carried out at 600 kHz, 30W/(acoustic power),
and 200 nM(initial formic acid concentration). The pH was set by addition of O.IM

nitric acid and 0.1 M sodium hydroxide and ranging 2 to 10. The relationship between



initial pH and half life at given pH is shown in Figure 4.6. The pseudo half life initially

increases with increase in pH; however reaches a steady value for pH> 3.8.

This observed effect of pH on the pseudo-first order decomposition rate constant (min™')
of formic acid, , can be explained by the variation in the speciation of formic acid with
pH. The dominant form of formic acid present in the solution is related to its pK, value
(pKa = 3.75). At higher pH, (i.e. pH > 3.75), formate ion would be the dominant species,
while formic acid would be the main species in the solution at pH values lower than
3.75. The rate constant for the reaction between formic acid/formate ion and hydroxyl
radicals is well-established and is described below (Buxton ef al., 1988, Duesterberg et
al., 2005).

HCOOH + OH* — HCOO¢* + H,0 , komrcoon=1.3 x 108 Lmol” s (11)
HCOO" + OH+ — COO* + H,0  kornncoo =3.2x10°Lmol? s’ (12)

Based on the rate constant for the hydroxyl radical reaction with formic acid and

formate ion, we can calculate a composite rate constant (k,, ) at any pH using eq.(13)

comp

(Duesterberg et al., 2005, Kwan and Voelker, 2002):

[HCOOH] [HCOO']
k — k _ 4+ k - 13
e TOMHCOON IHCOOH], 9% [HCOOH], w

where [HCOOH], is the total concentration of formic acid ((HCOOH]r = [HCOOH] +

[HCOO)) and kopy yeoorr and -k, .. are the rate constants of formic acid and

formate ion reaction with hydroxyl radicals, respectively.

As shown in eq. 11 and 12, the rate constant for reaction of hydroxyl radical with
formate ion is higher than the corresponding rate constant in case of formic acid. Thus,
faster degradation kinetics is expected at higher pH where formate ion is the dominant
species. This observation is in agreement with our results which shows that the pseudo
first order rate constant initially increases with increase in pH before reaching a steady
value for pH>3.8. All of the formic acid is present as formate and thus no change in &

occurs for pH>3.8.
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Figure 4.6 Effect of initial pH on rate of formic acid degradation. Conditions: 600 kHz,
30W(acoustic power), argon saturated solution, and [HCOOH]o = 200 nM. Solid line
represents the composite rate constant at given pH and solid squares represent half life

(min) at given pH.

4,3,3.2,4 Effect of hydroxyl radical scavenger

In order to confirm that formic acid degradation occurs due to its reaction with hydroxyl
radical, we measured the affect of /-butanol, a well known hydroxyl radical scavenger
(Henglein and Kormann, 1985, Petrier et al, 1992), on formic acid degradation rate. As
shown in Figure 4.7, formic acid degradation was completely inhibited in the presence
of 100 |iM “~butanol at 600 kHz confirming that hydroxyl radicals are the active oxidant

of formic acid during ultrasonic irradiation.



Time, min

Figure 4.7 Effect of t-butanol on the sonolytic decomposition of formic acid.
Conditions: 600 kHz, 30W(acoustic power), pH 3.5, argon saturated solutions, and

[HCOOH] 0 = 200 nM.

4,3.3.2,5 Reaction mechanism for formic acid degradation

It is interesting to note that formic acid could not be completely decomposed within the
experimental duration even though very low concentrations of formic acid (200 nM - 1
[XM) were used in this study and the rate constant for reaction of formic acid with
hydroxyl radicals is very large (6.5 x 10 M s'\ Ross and Ross, 1977). The incomplete

degradation of formic acid suggests two possibilities:

1) Formic acid reacts with hydroxyl radicals at the interface; however the diffusion rate
of formic acid from the bulk solution is very low and is the rate determining step in
formic acid degradation. This explanation is consistent with earlier studies which
suggested that hydrophilic compounds are decomposed by hydroxyl radicals at the
interface where most of the hydroxyl radicals are present (Adeyuwi, 2001, Jiang et al.,

1998).



2) Formic acid degradation occurs in the bulk solution rather than at the bubble interface.
As suggested earlier (Goel ef al., 2004), only small concentrations of hydroxyl radicals
diffuse or move into the bulk solution from the bubble interface, and hence formic acid

might react with hydroxyl radicals to a limited extent .

Both these possibilities are consistent with the hydrophilic nature of formic acid with
most of the formic acid being present in bulk solution. These explanations are also
consistent with earlier studies which suggested that the degradation mechanism depends
on the hydrophobicity of the compounds (Henglein and Kormann, 1985). In some
studies, the octanol-water partitioning coefficient of the solute was used to predict the
extent of partitioning of compounds to the interface and/or inside the bubble (Ayyildiz
et al., 2007, Nanzai et al, 2008). The octanol-water partition coefficient (Log P) is
defined as the ratio of a chemical’s concentration in the octanol phase to its
concentration in the aqueous phase of an octanol/water binary system. Nanzai et
al.(2008) found that the octanol-water partition coefficient is the most important
parameter determining accumulation of compounds at the gas-liquid interface during
ultrasonic degradation. Thus, compounds with higher octanol-water partition
coefficients tend to decompose faster than compounds with lower octanol-water

partition coefficients (Wu and Ondruschka, 2005).

Reported octanol-water partition coefficients of phenol and formic acid are 1.46 and
0.54 respectively (Lide, 2005) suggesting that phenol will accumulate more readily at
the bubble interface than will formic acid. This difference in octonal-water partition

coefficients explains two observations:

Firstly, higher accumulation of phenol at the bubble interface (or, possibly, in the
bubble) can result in an increased adsorption of energy, leading to a lower water
decomposition rate inside the bubble. In addition, accumulation of phenol at the
interface can also scavenge hydroxyl radicals in the interface resulting in a reduced
hydrogen peroxide formation rate in the presence of phenol (Figure 4.3 (b)). Due to the
lower octonal-water partition coefficient of formic acid, accumulation of formic acid at
the interface and/or in the bubble is not high enough to scavenge hydroxyl radicals in

the interface or affect water decomposition rate in the bubble.
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Secondly, phenol competitively inhibits degradation of formic acid (Figure 4.8). Due to
the higher hydrophobicity, it is expected that hydroxyl radicals will react with phenol
more favourably in the interfacial zone, thereby decreasing formic acid degradation if
degradation occurs at the interface. Alternatively, this observation can be explained by
the fact that the rate constant for reaction of phenol with hydroxyl radical (6.7x10° M's”
! Buxton e al. 1988) is higher than the rate constant for reaction of hydroxyl radical
with formic acid (6.5 x10®* M's™!, Ross and Ross, 1977) at pH 3.5 suggesting that, in the

presence of phenol, reaction of hydroxyl radical with formic acid will be out competed.

The effect of phenol addition on formic acid degradation also helps in clarifying the
location (interface or bulk solution) of formic acid degradation. If degradation occurs in
the bulk solution, due to the (5 times) higher rate constant for reaction of hydroxyl
radicals with phenol and the higher concentration of phenol compared to formic acid
(by 50-500 times), formic acid degradation should be completely inhibited even at the
lowest concentration of phenol used which is not consistent with our observation
(Figure 4.8). This result suggests that most of the formic acid is degraded at the
interface with diffusion of formic acid from the bulk solution to the interface being the
rate limiting step. This conclusion is further supported by observations reported in
Figure 4.9. As shown in Figure 4.9, formic acid degradation decreased slightly with
increasing concentration of hydrogen peroxide. Due to its hydrophilic nature, most of
the added hydrogen peroxide is present in bulk solution and could scavenge hydroxyl
radicals diffused from the interface (H,O,(b) + *OH (b) — HO,* + H,0), thereby
decreasing formic acid degradation rates in the bulk solution. Although the rate constant
for reaction of hydroxyl radicals with hydrogen peroxide (3.3x10’ M's™, Buxton et al.
1988) is around 300 times lower than in case of formic acid, addition of hydrogen
peroxide in excess (2500 times) should be enough to inhibit formic acid degradation
which is not in agreement with our observation (Figure 4.9); thereby suggesting that

only a small portion of formic acid is degraded in the bulk solution.

In summary, the following points should be noted;
1) Hydrogen peroxide is produced as a result of free radical reactions at the interface;
2) Hydrogen peroxide and free radicals would be expected to only be present in the

bulk solution as a result of diffusion from the interfacial zone;
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3) Most of the formic acid/formate ions (HCOOH/HCOQ") will be present in bulk
solution and not at the interface;
4) Formic acid degradation occurs mainly in the interfacial zone; however a small

percentage may be degraded in the bulk solution.

The importance of degradation reactions occurring at the bubble interface highlights the
need to represent transfer of reactants from bulk to interface and, in some instances, vice

versa as shown below:

H,0,(i) —H,0,(b)

*OH(i) — *OH(b)

HCOOH(b) — HCOOH(i)

*OH(i) + HCOOH(i) — Products
*OH(b) + HCOOH(b) — Products

(1) : interface, (b) : bulk solution

Concepts presented qualitatively here will be used in developing a quantitative

description of these processes in Chapter 5.
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Figure 4.8 Effect of phenol addition on formic acid degradation by ultrasonic irradiation.

Conditions : 600 kHz, pH 3.5, argon saturated solution, and [HCOOH]o = 200 nM.
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Figure 4.9 Formic acid degradation in the addition of hydrogen peroxide. Condition

600 kHz, pH 3.5, argon saturated solution, and [HCOOH]o = 200 nM.



4.3.4 Hydrogen peroxide formation under nitrogen saturated

solutions
4.3.4.1 Formation of hydrogen peroxide by ultrasonic irradiation

4.3,4,1,1 Effect of frequency

Results of studies into hydrogen peroxide formation at different frequencies under
nitrogen saturated solutions are shown in Figure 4.10. The highest rate of hydrogen
peroxide formation (0.472 |aM/min) was obtained at 300 kHz while the lowest rate (0.15
jiM/min) was obtained at 600 kHz. The variation in the hydrogen peroxide formation
rate could be ascribed to the reasons discussed in Section 4.2.2. The bubble collapse
times at various frequencies examined under nitrogen saturated solutions are shown in

Table 4.5.

30-
+ 300 kHz
* 600 kHz
A 800 kHz

Time, min

Figure 4.10 Hydrogen peroxide formation at three different frequencies under nitrogen

saturated solutions for 30W(acoustic power) and pH 3.5



The hydrogen peroxide production rates obtained under nitrogen saturation are
markedly lower than those obtained under argon saturated solutions (see Table 4.1) for

all frequencies examined. As discussed earlier, the physical properties of the dissolved

gas affects the initiation reaction (i.e., the decomposition of water to yield He radical

and OHe radical). The higher bubble temperature and lower thermal conductivity in the

argon system compared to the nitrogen system (Table 4.3) may account for the
differences in hydrogen peroxide production observed in the two systems. Nitrate
concentration was monitored during sonication but was found to be negligible

suggesting that no oxidation of nitrogen occurred in the nitrogen sparged system.

Table 4.5 Properties of bubbles formed on sonication of nitrogen saturated solutions at
25°C using radiation of 300, 600 and 800 kHz.

Frea. Resonance Surface Bubble

a Radius area(A) \Eﬁlrr?)/) (ﬁl’il\'/l ) collapse time
(kHz) (um) (pm?) (psec)
300 10.87 1.48x10° | 5.37x10° 0.28 0.99
600 5.43 3.71x10* | 6.72x10? 0.55 0.50
800 4.08 2.09%x 10> | 2.83x10? 0.74 0.37

4.3.5 Hydrogen peroxide formation and formic acid degradation

under oxygen saturated solutions

4.3.5.1 Formation of hydrogen peroxide by ultrasonic irradiation

4.3.5.1.1 Effect of frequency

Hydrogen peroxide formation rates under oxygen saturated solutions at various
frequencies examined are shown in Figure 4.11. Hydrogen peroxide generation follows
zero order kinetics in oxygen saturated systems similar to that observed in case of argon

and nitrogen saturated systems.
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Comparison of the hydrogen peroxide generation rates in argon and oxygen systems
reveals that the rates are higher in oxygen than under argon at 300 kHz, similar to those
found for argon at 600 kHz and slightly less than those found under argon at 800 kHz.

These observations can be explained by the following two factors:

1) Variation in the initial sonochemical activity due to differences in physical
properties of argon and oxygen;

2) Additional radical reactions occurring in the case of oxygen.

As discussed in Section 4.2.1, the initiation reaction is highest in argon saturated
systems at all frequencies. However, the additional hydrogen peroxide generation
pathway (i.e., disproportionation of the hydroperoxy radical) in oxygen saturated
systems explains the higher (or similar) hydrogen production rates observed in the
oxygen system at 300 and 600 kHz. This explanation is consistent with earlier studies
(Gong and Hart, 1998, Wakeford et al.,1999) in which observations of higher hydrogen
peroxide generation rates in the presence of oxygen compared to argon were attributed

to the formation and subsequent disproportionation of the hydroperoxyl radical.

Harada and Kumagai (2003) examined the effect of oxygen concentration on hydrogen
peroxide formation rate by sonication using radiation of 200 kHz frequency and 200 W
power. They observed the highest yield of hydrogen peroxide under a 40% oxgyen-60%
argon atmosphere. They ascribed their results to the combined effect of argon with high
sonochemical reactivity and the hydroperoxy radical generation in the case of oxygen.
This may indeed be the case at lower frequencies but this additional hydrogen peroxide
generation pathway may not be important at the higher frequencies where bubble
collapse are less violent and bubble lifetimes are shorter resulting in lower hydroperoxy

radical generation rates.
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Figure 4.11 Hydrogen peroxide formation at different frequencies under oxygen

saturated solutions for 30W (acoustic power) and pH 3.5.

4.3.5.2 Sonolytic degradation of formic acid under oxygen saturated

solutions

As seen from results presented in Figure 4.12, sonolytic degradation of formic acid
under oxygen saturated solutions followed pseudo-first order kinetics. The pseudo-first
order rate constant observed at 300 kHz (0.073 min™) was higher than that observed at
600 kHz (0.038 min™) and 800 kHz (0.041 min™). The observed variation in formic acid
degradation at these frequencies is consistent with the effect of frequency on hydrogen
peroxide formation. The maximum decomposition rate achieved at low frequency (300
kHz) can be explained by the frequency effect described in section 4.4.2. From our
results, it is evident that frequencies of around 300 kHz are optimal for formic acid

degradation under oxygen saturated solutions.
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Figure 4.12 Effect of frequency on sonlytic degradation of formic acid under oxygen

saturated solutions (A: 800kHz, « : 600 kHz, « : 300 kHz).

4.3.6 Hydrogen peroxide formation and formic acid degradation

under air saturated solutions

4.3.6.1 Formation of hydrogen peroxide by ultrasonic irradiation

4.3,6.1.1 Effect of frequency

The hydrogen peroxide formation rates under air saturated obtained at 300, 600 and 800
kHz are shown in Figure 4.13. The kinetics of hydrogen peroxide formation follows
zero order kinetics with the observed rates varying froml.56 [*M/min at 800 kHz to 4.31
[IM/min at 300 kHz. Comparing all the conditions investigated, the highest hydrogen

peroxide formation rate was achieved under air saturated solutions at 300 kHz.
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Figure 4.13 Hydrogen peroxide formation at different frequencies under air saturated

solutions.

Hydrogen peroxide formation by ultrasonic irradiation under air, argon and oxygen
saturated solutions over 90 mins of sonication are shown in Figure 4.14. As shown,
nonlinearity occurs after 60 mins under air saturated solution in contrast to the constant

generation rate observed in argon and oxygen saturated system.

A variety of additional reactions are to be expected in the presence of air, particularly
with regard to the generation of nitrogen-based radicals (Misik and Riesz, 1996,

Didenko et al, 1999, Supeno and Kruus, 2000, Nikitenko et al., 2004); i.e..

N2+ 02 2NO (14)
N2+ 202 2NO2 (15)
NO + OH-  HNO2 (16)
NO2 + OH-  HNO3 (17)

HNO2 + H202  HNO3 + H20 (18)



*Air saturated
300 - +Argon saturateci
A Oxygen saturated

81200i

100 -

Figure 4.14 Hydrogen peroxide formation for different dissolved gases. Conditions :

300 kHz and pH 3.5.

Nitrogen present in the air may enter the cavitation bubbles and be transformed to
oxygenated nitrogen species such as nitrous oxide, nitric oxide and nitrous acid. The
latter species may react with hydrogen peroxide that is also formed in the sonolysis

process to yield nitrate (reaction 18).

Mead et a/. (1976) investigated the formation of nitrogen species (nitrate and nitrite) on
sonolysis of air saturated aqueous media and obtained initial formation rates of 2.2x10"
AM/min for nitrite and 6.0x10" M/min for nitrate using 447 kHz irradiation. Petrier et
al. (1999) also investigated the formation of nitrogen containing compounds using 500
kHz ultrasound under air-saturated solutions. Nitrate concentrations were found to
increase linearly with time while nitrite concentrations initially increased then decreased

after 100 mins.



In all our experiments, a stock solution of 0.1 M nitric acid was used for setting the
initial solution pH. As shown in Figure 4.15, any ultrasonically generated nitrate thus
appears in addition to the nitrate already present. Studies were also undertaken using a
stock solution of 0.1 M hydrochloric acid for setting the initial pH in order to assess the
possible interaction between nitrate and H202 and the processes responsible for nitrate
generation. As shown in Figure 4.15, the generation rates of nitrate are almost identical
in both electrolytes suggesting that there is little interaction between hydrogen peroxide
and nitrate and indicating that generation paths are essentially independent of each other.
As nitrate is not formed in the presence of nitrogen alone, it thus appears that both
oxygen and nitrogen must be present in significant quantities for nitrate generation to

occur.

Figure 4.15 Nitrate formation profile with different pH media saturated with air at 300

kHz (» :pH by hydrochloric acid, « : pH by nitric acid).



4.3.6.2 Sonolytic degradation under air saturated solutions

Results of studies of formic acid degradation under air saturated solutions are shown in
Figure 4.16. In the air saturated system, the formic acid degradation rate is lower than
observed in argon and oxygen saturated systems at all frequencies examined. It is also
observed that the reaction kinetics do not follow the pseudo first order kinetics in air
saturated systems (as previously observed in the other gaseous systems) with the rate of
degradation apparently decreasing over time. While the rate constant decreases over
time, initial decomposition rate can be determined and are 0.018 min* at 300 kHz,
0.020 min' at 600 kHz, 0.017 min' at 800 kHz. The decreasing rate of formic acid
degradation that is observed over time suggests that scavenging of hydroxyl radical by

nitrogen species occurs, thereby reducing formic acid degradation rates.

1.0
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>
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Figure 4.16 Formic acid degradation at three frequencies under air saturated solutions

(A :600kHz, « :300 kHz, « :800 kHz).



4.4 Conclusions

Hydrogen peroxide formation by ultrasonic irradiation has been investigated at three
frequencies (300, 600, and 800 kHz) and in different dissolved gases (argon, oxygen,
nitrogen, and air) at an initial pH 3.5. A summary of the rates of hydrogen peroxide
production as a function of experimental conditions is shown in Table 4.1. At 600 kHz
and 800 kHz, hydrogen peroxide formation rates follow the expected order of effect of
physical properties of dissolved gases (Argon > Oxygen > Air > Nitrogen). The
maximum hydrogen peroxide formation rate (4.5 uM/min) was achieved under oxygen
saturated solution at a frequency of 300 kHz. The pH of the reaction medium did not

affect the hydrogen peroxide formation rate.

The mechanism of hydrogen peroxide formation was also examined. Recombination of
hydroxyl radicals is the only source for hydrogen peroxide formation in argon and
nitrogen saturated systems while, in the presence of oxygen, more hydrogen peroxide
production might be expected due to the formation and subsequent recombination of
hydroperoxy radicals. The minimal effect of hydrogen peroxide addition on hydrogen
peroxide formation rate suggests that the presence of hydrogen peroxide in the bulk
solution resulted from diffusion of hydrogen peroxide from bubble interfaces where it
was formed by recombination of free radicals. Free radicals (hydroxyl, hydrogen atom,
and hydroperoxy radicals) may diffuse to some extent into the bulk solution leading to
reactions with organic compound present in the bulk though it is expected that the

extent of diffusion will be limited due to the high reactivity of these species.

Formic acid degradation and its degradation mechanism by ultrasonic irradiation was
also investigated at three frequencies and dissolved gases. Formic acid degradation
followed pseudo-first order kinetics under all conditions examined except in air
saturated systems. Optimal frequencies with respect to formic acid degradation were
determined to be 300 kHz under oxygen (14.6 nM/min) and 600 kHz under argon (17.4
nM/min). The effect of the initial formic acid concentration was examined at 600 kHz
under argon saturated solutions. Rates of formic acid degradation decreased with

increase in the initial formic acid concentration. Effects of hydroxyl radical scavengers
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(t-butanol and phenol) on formic acid degradation suggest that formic acid degradation

by ultrasonic irradiation occurs principally in the interfacial zone.
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Chapter 5

Kinetic Modeling of Hydrogen
Peroxide Formation and Formic Acid
Degradation by Ultrasonic Irradiation

5.1 Introduction

In chapter 4, we discussed the mechanism of hydrogen peroxide generation and formic
acid degradation by ultrasonic irradiation under various conditions. In this chapter, a
mathematical kinetic model is developed based on the mechanism presented in chapter
4 to describe hydrogen peroxide formation and formic acid degradation on ultrasonic
irradiation. Free radical reactions which occur on ultrasonic irradiation are proposed and
validated by comparing with the experimental results presented in chapter 4. The
mathematical model is used as a vehicle to assess the veracity of possible
transformations occurring under a variety of reaction conditions with particular attention

given to the effect of the different gases used (i.e. argon, oxygen and nitrogen).
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5.2 Results and Discussion

5.2.1 Theoretical basis of the mathematical model

The mechanism of hydrogen peroxide formation and formic acid degradation was

discussed in detail in chapter 4. In this section, we summarize the important points

involved which forms the basis of the mathematical model described in this chapter.

These points are as follows:

1)

2)

3)

In sonochemistry, the use of hydrophobic and hydrophilic hydroxyl radical
scavengers has confirmed the presence of three reaction zones (see Figure 2.2 in
Chapter 2): bubble interior, bubble/water interface and bulk solution (Hart and
Henglein, 1985, Suslick and Hammerton, 1986).  Hydrophobic (volatile)
compounds are mainly decomposed by pyrolysis inside the bubble, while
hydrophobic (non-volatile) and hydrophilic compounds decay due to their reaction
with hydroxyl radicals at the interface and/or bulk solution (Henglein and Kormann,
1985, Petrier et al., 1998).

Hydroxyl radicals are produced by decomposition of water in the bubble but rapidly
diffuse to the interface. Hydrogen peroxide is formed at the interface by
recombination of hydroxyl radicals and subsequently diffuses into the bulk solution.
This explanation is consistent with our experimental data which show significant
generation of hydrogen peroxide in the bulk solution under all conditions
investigated (Table 4.1). Diffusion of a small fraction of hydroxyl radicals from the
interface to the bulk solution also occurs.

Formic acid degradation takes place principally due to its reaction with hydroxyl

radicals at the interface though a portion may be degraded in bulk solution given its
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4)

5)

6)

7)

8)

9)

hydrophilic nature. Formic acid degradation at the interface occurs as results of its
diffusion from the bulk solution.
At a particular frequency, the rate of sonolytic decomposition of water to yield
hydrogen and hydroxyl radicals depends on the physical properties of the
background gas. As explained in chapter 4, the rate constant for this reaction should
be in the order:

kar > ko2 > kna
With increase in frequency, the available energy decreases, hence the rate constant
for sonolytic decomposition of water decreases with increase in frequency.
The diffusion rate constant of radicals (hydroxyl and hydrogen atom) and hydrogen
peroxide is proportional to the bubble collapse time. The shorter the bubble collapse
time, the faster will be the rate of diffusion of radicals from the interface to the bulk
solution.
The bubble collapse time decreases with increase in frequency (Tables 4.4 and 4.5);
hence the diffusion rate constant of radicals from the interface will increase with
increase in frequency for a particular gas.
The rate constant for diffusion of free radicals increases with increase in solubility
of the gas; hence the diffusion rate of free radicals would be expected to follow the
order:

kar= ko2> kn2
The observation that added hydrogen peroxide did not affect the hydrogen peroxide
formation rate suggests that the rate constant for diffusion of hydrogen peroxide

from bulk solution to the interface should be small.
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A mathematical model that accounts for these issues with regard to hydrogen peroxide
formation and formic acid degradation is shown in Tables 5.1 and 5.2. Reaction 1 shows
the sonolytic decomposition of water vapour present in the bubble resulting in
formation of hydrogen atom and hydroxyl radicals. These decomposition reactions
occur in the gas phase. Reaction products such as hydroxyl and hydrogen atom radicals
migrate to the interface of the bubble where they subsequently react in the aqueous
phase (Zhang et al., 2007). However, hydrogen peroxide formed by the recombination
of hydroxyl radicals (and hydroperoxyl radicals in the case where oxygen is present)
cannot be stable at the high temperatures and pressures typical of the bubble interior.
Thus, we assume that hydrogen peroxide formation occurs in the cooler region where all
radical reactions can be considered as a bulk solution reactions with rate constants

similar to those reported at ambient temperature and pressure.

At the interface, two reaction mechanisms may be of importance. First, pyrolytic
decomposition may occur at the hotter interface close to the bubble interior. This
mechanism would be expected to be dominant at the higher concentrations of organics.
The average temperature at the interface is reported to be about 800 K (Kotronarou et
al., 1991). In this case, temperature would be expected to influence the rate of radical
reactions. In this case, all reactions can be considered to occur in the gas phase and, in
this case, temperature effects on rate constants can be estimated using the Arrhenius
equation. Second, hydroxyl radical reactions may occur at the cooler interface (< 439 K,
Kotronarou et al., 1991, Hoffmann et al., 1996) close to the bulk solution. In this region,
hydroxyl radicals would be present in aqueous form and may be considered to react
with formic acid in aqueous solution. While there may well be a significant temperature
gradient at the interface (Adewuyi, 2001), we assume for the purposes of this study that
the bulk of the reaction occurs at the outer face of the interface where temperature and
pressure is close to that in bulk solution. This simplification is likely to be reasonable

for solutes present at low concentrations where the rate of accumulation at the interface

is relatively slow.

The hydrogen and hydroxyl radicals so formed quickly diffuse to the interface. Given
that the bubble lifetime (< 1 psec) is very short, we have assumed that the rate for

diffusion of the radicals to the interface is very fast. The rate constant for reaction 1
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depends on the physical properties of the background gas and the frequency used and
was determined based on best-fit model results. Hydrogen gas and hydrogen peroxide
are formed by recombination of hydrogen atom and hydroxyl radicals respectively
(reactions 2 and 3). Reaction 4 shows the recombination of hydroxyl radicals and
hydrogen atoms resulting in the formation of water. Hydrogen atoms also react with
hydrogen peroxide and oxygen (if present) to yield hydroxyl radicals (reaction 5) and
hydroperoxyl radical respectively (reaction 6). Hydroxyl radicals also react with
hydrogen peroxide to yield hydroperoxyl radicals (reaction 7). The hydroperoxyl
radicals formed in reaction 6 and 7 may scavenge hydroxyl radicals (reaction 8) and
may also produce hydrogen peroxide by recombination (reaction 9). The rate constants
for reactions 2-9 used are the same as those reported in the literature. Reactions 10 to
13 represent diffusion of free rascals and hydrogen peroxide from the interface to bulk
solution. While the rate constants for these reactions are unknown, they are strongly
influenced by the rate of bubble collapse. The higher the rate of bubble collapse, the
faster will be the rate of diffusion. Reactions 14-21 represent all free radical reactions
that are considered to occur in bulk solution (and are the same as reactions 2-9). Since
no affect of added hydrogen peroxide was observed on the hydrogen peroxide formation
rate (Figure 4.2 in Chapter 4), the rate of diffusion of hydrogen peroxide from bulk
solution to the interface should be small. Hence we have neglected this reaction in the

mathematical model.

The degradation of formic acid in bulk solution takes place due to a series of reactions
(reactions 22-25) as shown in Table 5.2. The reaction between formic acid/formate and
hydroxyl radicals is well established with the reported rate constants varying in the
range of 10% to 10° (Flyunt ef al., 2001, Kwan and Voelker, 2002, Duesterberg et al.,
2006). Formic acid/formate ion reacts with hydroxyl radicals, resulting in generation of
the carboxyl radical, COO-+’, and water (reaction 22) (Allen, 1961, Buxton and Sellers,
1973, Staehelin and Hoigne, 1985, Flyunt et al., 2001). The rate constant for reaction
22 is a composite value at pH 3.5 and was calculated using equation (13) presented in
Chapter 4. In addition to the disproportionation reaction (reaction 23), carboxyl radicals
also react with oxygen (reaction 25). As explained in Chapter 4, formic acid/formate is
also expected to be degraded principally by hydroxyl radicals at the bubble interface

with formic acid present in the interface due to its diffusion from bulk solution (reaction
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26). The rate constant for this reaction is determined based on best-fit model results. A
similar set of reactions is considered to occur between formic acid and hydroxyl radicals
at the interface (reaction 27 to 30) as shown for possible reaction in bulk solution
(reactions 22 to 25). The rate constants for reactions 22-25 and 27-30 are the same as
those reported in the literature. In the following sections, we discuss the kinetic model
for each background gases in detail with the aim of determining the important reactions

involved in hydrogen peroxide formation and formic acid degradation.

Table 5.1 Summary of reactions producing free radicals and hydrogen peroxide on
ultrasonic irradiation.

. Rate constant
No Reaction (M'l s") reference
Reactions occurring in bubble
Depends on
1 H,0 — *OH + «H— *OH(i) + *H(i) frequency and In this study
background gas
Reactions occurring at interface
2 *OH(i) + *OH(1) — H,0,(i) 52x10° Buxton ef al., 1988
3 | H(i) + *H(i) — H, 7.8%x10° Buxton et al., 1988
*OH(i) + *H(i) — H,0 7.0x10° Buxton ef al., 1988
5 H,0,(i) + *H(i) — OH(i) + H,O 9.0% 10’ Buxton et al., 1988
6 | Oy+ *H(i)— *HO(i) 2.1x 10" Buxton ef al., 1988
7 *OH(i) + H,0,(i) — *HO,(i) + H,O 3.3x10’ Buxton et al., 1988
8 | *OH(i) + *HO,(i) —» H,0 + O, 6.6x10° Buxton et al., 1988
9 | *HO,(i) + *HO,(i) — H,0, + O, 2.3x10° Kwan and Voelker, 2002
Depends on
10 | H,0,(i))— H,0,(b) frequency and This study
background gas
Depends on
11 | *OH(i) — “OH(b) frequency and This study
background gas
Depends on
12 | *H(i) — *H(b) frequency and This study
background gas
Depends on
13 | *HO,(i) — *HOz(b) frequency and This study
background gas
Reactions occurring in bulk solution
14 | «OH(b) + *OH(b) — H,04(b) 5.2x10° Buxton ef al., 1988
15 H(b) + *H(b) — Hxb) 7.8%x10° Buxton et al., 1988
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16 | *OH(b) + *H(b) — H,0 7.0x10° Buxton ef al., 1988
17 | *OH(b) + H,0,(b) — *HO4(b) + H,0 3.3x107 Buxton et al., 1988
18 | Hy04(b) + *H(b) — *OH(b) + H,0 9.0x10’ Buxton et al., 1988
19 | *HOy(b) + *HO,(b) — H,04(b) + O, 2.3%x10° Kwan and Voelker, 2002
20 | *OH(b) + *HO,(b) — H,0 + O, 6.6x10° Buxton et al., 1988
21 | O,+ *H(b) — *HO4(b) 2.1x10" Buxton ef al., 1988

Table 5.2 Reaction showing formic acid degradation by ultrasonic irradiation.

Rate constant

No Reaction (M" s") reference
Reactions occurring in bulk solution

22 HCOOH(b) + OH(b) — COO+’(b) + H,O + H" 1.2x10° This study

23 COO<'(b) + COO*(b) — Int(b) 1.4x10° Flyunt et al., 2001
24 Int(b) + H* — CO, + HCOOH(b) 1.0x107 Flyunt et al., 2001
25 COO-’(b) + O, + H+ — CO, + *HO,(b) 4.2x10° Flyunt et al., 2001

Depends on
26 HCOOH(b) — HCOOH(}) f’gg;‘l‘:gfgu:gd In this study
gas
Reactions occurring at interface

27 HCOOH(i) + *OH(i) — COO+ (i) + H,0 + H' 1.2x10° This study

28 COO- (i) + COO- (i) — Int(i) 1.4x10° Flyunt et al., 2001
29 Int(i) + H* — CO, + HCOOH(i) 1.0x10’ Flyunt et al., 2001
30 COO- (i) + O, + H+ — CO; + *HO(i) 4.2x10° Flyunt et al., 2001

5.2.2 Kinetic modeling of hydrogen peroxide formation and formic

acid degradation under argon saturated solutions

The kinetic model with rate constants found to be optimal under argon saturated

solutions is shown in Table 5.3. Under argon saturation, the concentration of

hydroperoxyl radicals generated via oxidation of hydrogen peroxide by hydroxyl

radicals (reaction 7, Table 5.1) is too small to contribute significantly to hydrogen

peroxide production. Thus, in the simplified model presented in Table 5.1, we have

neglected the reactions involving hydroperoxyl radicals.
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Under argon saturated solutions, water decomposition (reaction 1) and diffusion of
hydrogen peroxide from the bubble interface to bulk solution (reaction 10) are the
dominant reactions controlling hydrogen peroxide formation rate. The rate constants for
these two reactions were determined based on best-fit model results.

Formic acid degradation is influenced principally by the water decomposition reaction
(reaction 1), diffusion of hydroxyl radicals (reaction 11) from the bubble interface to
bulk solution and diffusion of formic acid (reaction 26) from bulk solution to the bubble
interface. The rate constant for diffusion of formic acid from bulk solution to the
interface was determined based on best-fit model results. As shown in Table 5.3, the
rate constant for diffusion of formic acid from bulk solution to the interface is small
which is in accordance with its hydrophilic characteristics. Also, slow diffusion of
formic acid to the interface is consistent with our experimental results which show no
effect of formic acid addition on hydrogen peroxide generation. As shown in Table 5.3,
the rate constant for diffusion of formic acid from bulk solution to the interface is
affected by frequency. Although the exact reason for this variation is uncertain, it may
possibly be due to the impact of frequency on the bubble collapse time. The rate
constant for diffusion of hydroxyl radicals from the bubble interface to bulk solution is
based on best-fit model results and controls the formic acid degradation occurring in
bulk solution. The model results for formic acid degradation are shown in Figure 5.2.
The impact of hydrogen atom radical diffusion on hydrogen peroxide formation and
formic acid degradation was found to negligible and thus the rate constant for this

reaction cannot be determined based on our experimental data.

Table 5.3 Simulated values of rate constants for hydrogen peroxide formation and
formic acid degradation under argon saturated solution.

No Reaction Rate constant Reference

300 kHz : 6.2x107 sec™
1 | H,0 - *OH + *H— *OH(i) + *H(i) 600 kHz : 6.0x107 sec™ This study
800 kHz : 1.8x107 sec™

2 | *OH(i) + *OH(i) — H,0,(i) 52x10° M's! Buxton ef al., 1988
3 | «H(i) + *H(i) — H; 7.8x10° M5 Buxton ef al., 1988
4 | *OH(i) + *H(i) —» H;0 7.0x10° M s Buxton ef al., 1988
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5 | HyO4(i) + *H(i) — *OH(i) + H,0 9.0x10"M"' s Buxton ef al., 1988

7 | *OH(b) + H,04(b) — *HO,(i) + H,0 33x10°M ' s’ Buxton ef al., 1988
300 kHz : 1.8x10 sec’

10 | H,0,(i)— H,0,(b) 600 kHz : 2.0x107 sec™! This study
800 kHz : 2.5x107 sec™
300 kHz : 2.0x107 sec™!

11 | “OH(i) — *OH(b) 600 kHz : 1.6x10% sec™! This study
800 kHz : 1.7x10?% sec!

14 | *OH(b) + *OH(b) — H,0,(b) 52x10°M! s Buxton ef al., 1988

15 | *H(b) + *H(b) — Hyb) 7.8x10°M!s! Buxton ef al., 1988

16 | *OH(b) + *H(b) — H,0 7.0x10°M* s Buxton e al., 1988

17 | *OH(b) + H,0,(b) — *HO,(b) + H,0 33x10°M's?! Buxton ef al., 1988

18 | H,04(b) + *H(b) — *OH(b) + H,0 9.0x10"M's’! Buxton et al., 1988

22 | HCOOH(b) + *OH(b) — COO~'(b) + H,0 1.2x10° M s D“eSte%egg etal.,

23 | COO+(b) + COO+ (b) — int(b) 1.4x10° M5 Flyunt ef al., 2001

24 | Int(b) + H* — CO, + HCOOH(b) 1.0x10’ M s™ Flyunt ez al., 2001
300 kHz : 8.1x10™ sec’!

26 | HCOOH(b) — HCOOH(i) 600 kHz : 7.8x10™ sec™ This study
800 kHz : 3.8x10™ sec™!

27 | HCOOH(i) + *OH(i) — COO~ + H,0 + H' 1.2x10° M s Dues‘e%egg etal.,

28 | COO« + COO* — int 14x10° M s Flyunt e al., 2001

29 | int+H" — CO, + HCOOH(i) 1.0x10’ M s™ Flyunt et al., 2001
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Figure 5.1 Hydrogen peroxide formation under argon saturated solutions. Closed points
and solid line represent the experimental and model data respectively (e: 300 kHz,
600 kHz, «: 800 kHz).
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Figure 5.2 Formic acid degradation under argon saturated solutions. Closed points and
solid line represent the experimental and model results respectively (¢: 300 kHz,
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The model also predicts the affect of hydrogen peroxide addition on formic acid
degradation observed under argon saturated solutions as shown in Figure 5.3. If formic
acid degradation occurs in the bulk solution only, the effect of hydrogen peroxide
addition on formic acid degradation should be significant due to scavenging of hydroxyl
radicals by added hydrogen peroxide. Both experimental and model results however
show that the impact on formic acid degradation is small thereby suggesting that most
of the formic acid is degraded at the interface.

YOO X X O0O0X

500 1000 1500 2000
Time, sec

Figure 5.3 Effect of hydrogen peroxide addition on formic acid degradation. Closed
points and solid lines represent the experimental and model results respectively.
Conditions : 600 kHz, 30W, pH 3.5, argon saturated solutions, and 200nM of HCOOH
(*: 500 ~iM of H202, ¢ : 200 [LM of H202A: no addition).

As seen from Figure 5.4, the proposed model also adequately describes the effect of

initial concentration of formic acid on its degradation Kinetics.
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Figure 5.4. Effect on initial concentration of formic acid on formic acid degradation rate.
Closed points and solid line represent observed and model predicted decomposition

rates respectively.

5.2.3 Kinetic modeling of hydrogen peroxide formation and formic
acid degradation under oxygen saturated solutions

Under oxygenated solutions, hydrogen atom radicals react with oxygen to produce
hydroperoxyl radicals (reaction 9) (Buxton et al., 1988) at the interface. The
hydroperoxyl radicals so formed may disproportionate to form hydrogen peroxide
(reaction 9) but may also react with hydroxyl radicals to produce oxygen and water
thereby lowering the rate of hydrogen peroxide formation (reaction 8) (Petrier et al,
1992b). Hydroperoxyl radical-related reactions in the bulk solution are also included
(reactions 19, 20, and 21) in the kinetic model under oxygen saturated solution.
Recombination of hydroxperoxyl radicals is an additional pathway for hydrogen
peroxide formation at the interface as well as in the bulk solution. Also, in the presence
of oxygen, carboxyl radicals produced by hydroxylation of formic acid (reactions 25
and 30) are scavenged, yielding carbon dioxide and hydroperoxyl radicals (Flyunt et al,
2001).

Under oxygen saturated solutions, the water decomposition reaction (reaction 1) and
diffusion of hydrogen peroxide from the bubble interface to bulk solution are the main

reactions controlling hydrogen peroxide formation. The rate constants for both these



reactions are determined based on best-fit model results. The rate constant for reaction 1
was lower under oxygen saturation than in the case of argon saturation which is
consistent with the fact that more critical conditions (higher temperature and pressure)
exist in the bubble under argon saturated solutions. The reactions used to describe
hydrogen peroxide formation and formic acid degradation under oxygen saturated
solutions are shown in Tables 5.1 and 5.2. Comparing with the results under oxygen
free solutions (i.e., argon or nitrogen saturation), hydroperoxyl radicals appear to play a
role in hydrogen peroxide formation. Formic acid degradation is mainly controlled by 1)
diffusion of formic acid from bulk solution to the bubble interface, and ii) hydroxyl
radical diffusion from the interface to the bulk solution. Values of rate constants
determined from best fits to the experimental data for hydrogen peroxide formation and
formic acid degradation are summarised in Table 5.4. The model fits to experimentally
measured hydrogen peroxide and formic acid concentrations as a function of sonolysis

time are shown in Figures 5.5 and 5.6 respectively.

Table 5.4: Simulated values of rate constants for reactions under oxygen saturated
solutions.

No Reaction Rate constants (sec™)

300 kHz : 1.8x107
1 H,0 — *OH + *H 600 kHz : 9.0x10°®
800 kHz : 4.5x10°®

300 kHz : 1.38x10
10 | H,0, — H,0,(b) 600 kHz : 1.44x1072
800 kHz : 1.65x1072

300 kHz : 1.0x10?
11 | *OH — *OH(b) 600 kHz : 1.6x107
800 kHz : 4.0x10?

300 kHz : 1.0x10?
14 | *HO, — *HOy(b) 600 kHz : 2.0x107
800 kHz : 3.0x10?

300 kHz : 1.2x10°
26 | HCOOH(b) — HCOOH 600 kHz : 6.5x10™
800 kHz : 6.2x10™
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5.2.4 Model prediction of hydrogen peroxide formation by ultrasonic

irradiation under nitrogen saturated solutions

The reactions involved in hydrogen peroxide production under nitrogen saturated
solutions are assumed to be the same as those used in the case of argon. It should be
noted however that, under nitrogen saturated solutions, nitrogen species may be
produced in the bubble by pyrolytic decomposition (Wakeford et al, 1994, Supeno and
Kruus, 2000). For simplicity, however, reactions involving nitrogen species have been
ignored. In other words, the rate constant for the water decomposition reaction
represents an apparent value including the forward reaction resulting in production of
hydroxyl and hydrogen atom radical and other reactions scavenging these radicals.
Simulated values of rate constants used to describe hydrogen peroxide formation under
nitrogen saturated solutions are shown in Table 5.5 and model predictions are depicted
in Figure 5.7. Under nitrogen saturated solutions, the water decomposition reaction and
diffusion of hydrogen peroxide from the bubble interface to bulk solution are the main
reactions controlling hydrogen peroxide formation rate. The model-predicted rate
constant for the water decomposition reaction under nitrogen saturation is lower than is
the case for argon and oxygen. This variation occurs for two main reasons:

1) Differences in the physical properties of the gas such as specific heat ratio,
solubility, and thermal conductivity results in less critical condition inside the
bubble under nitrogen saturated solutions; and

2) Scavenging of hydroxyl and hydrogen atom radical by nitrogen species such as
nitric oxide and nitrous oxide produced by pyrolysis inside the bubble causes

decrease in the overall production rate of hydroxyl and hydrogen atom radicals.

Table 5.5 Simulated values of rate constants for hydrogen peroxide generation under

nitrogen saturated solutions.

NO. Reaction Rate constants (sec”')

300 kHz : 2.97x10°
1 H,0 — *OH + *H 600 kHz : 2.2x107
800 kHz : 2.0x107

300 kHz : 1‘5x10‘§
11 H,0, — H,04(b) 600 kHz : 1.6x10°
800 kHz : 3.4x107
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5.2.5 Sensitivity studies

The set of reactions presented in Tables 5.1 and 5.2 are adequate in describing the data
obtained however it should be recognized that these reactions represent a considerable
simplification of the complete reaction set likely to be operating with many additional
side reactions, intermediates, and by-products potentially present. However, the
proposed mathematical model adequately describes concentration profiles for both
hydrogen peroxide and formic acid observed for all conditions investigated in this study.
It should be noted that the purpose of the mathematical modeling is not to show the
complete reaction set, but rather to identify the most important reactions controlling
hydrogen peroxide formation and formic acid degradation by ultrasonic irradiation

under the conditions of interest here.

Sensitivity analysis was used to determine the most important reactions controlling
hydrogen peroxide formation and formic acid degradation on ultrasonic irradiation and
was undertaken by calculation of normalized sensitivity coefficients (NSCs) and by

principal component analysis (PCA).

NSCs are a quantitative measure of the change in concentration of a particular species at
a particular time in response to perturbations in each rate constant (Savage, 2000).
NSCs are a matrix of signed numbers. While numbers with large negative values
indicate that reactions act as sinks, numbers with large positive values identify reactions
that represent major sources for each species. The magnitude of the NSCs then gives an
indication of which reactions act as major sources and sinks of a particular species of
interest at any given time. Sensitivity calculations were carried out at 10 equal time
intervals during the experimental period for each frequency and background gas used in

this study.

As the model presented was based on best fit to the measured species, sensitivity
analysis was limited to hydrogen peroxide and formic acid only. The NSC matrices
were produced by the kinetic modeling software program Kintecus V3.7 (Ianni, 2006)

using the reactions and rate constants listed in Tables 5.1 and 5.2.
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While NSCs provide an indication of the system response to perturbations in one rate
constant at a time, they do not explain interactions between reactions (Vajda et al.,
1985). In order to investigate these interactions, principal component analysis (PCA)
proposed by Vajda et al. (1985) was carried out on the NSC matrices. In PCA, only

component y (k) whose normalised eigenvalues (4/4,,) contribute more than 0.1% to

the system response were considered and, within those, only components whose
eigenvector coefficients had an absolute value greater than 0.2 were considered to have
a significant contribution. PCA was conducted by using NSCs calculated for species

whose concentrations were measured experimentally.

From the analysis of the log of the sum of squared NSCs over the entire reaction time
for those species measured experimentally, a comparative means for comparing the
influence of various reactions on the species concentration profiles can be obtained.
Reactions with small values of the log of the sum of squared NSCs have little influence
on the species as perturbations in their rate constants have little effect on the species’

concentration during the reactions.

The value of the sum of NSCs under argon saturated solutions is shown in Figure 5.8.
Reactions for NSC analysis are selected from Table 5.3. Diffusion of hydrogen peroxide
(reaction 10) is the dominant reaction controlling the formation of hydrogen peroxide.
This is also supported by the results of PCA shown in Table 5.6 with the largest
eigenvalues corresponding to eigenvectors whose component is reaction 10. The results
also show that the water decomposition reaction (reaction 1) and interfacial free radical

reactions are important.

Figure 5.9 shows the results of log of sum of squares of NSCs for formic acid
degradation under argon at 600 kHz. As shown, diffusion of hydroxyl radicals (reaction
11), hydrogen peroxide (reaction 10) and formic acid (reaction 26) from the bubble
interface to bulk solution are the main reactions controlling formic acid degradation
Also hydroxyl radical inhibition resulting from hydrogen peroxide formation (reaction
17) is important as result of its effect on the concentration of hydroxyl radicals. In the
PCA results shown in Table 5.7, those reactions are seen to possess the largest

eigenvalue. The calculated value of the NSCs does not vary substantially with

frequency.
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Figure 5.8 Log of sum of squares of the NSCs of reactions involved in hydrogen
peroxide formation at 600 kHz under argon saturated solutions.
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Figure 5.9 Log of sum of squares of NSCs for reactions involved in formic acid
degradation at 600 kHz under argon saturated solutions.



Table 5.6 PCA results for hydrogen peroxide formation under argon at 600 kHz.

Eigenvector for selected reactions
(reaction no.(eigenvector))

57.22 10(0.85), 2(0.60), 1(0.55), 11(0.53), 7(0.52), 5(0.50), 17(0.49), 3(0.32)
40.26 1(0.92), 11(0.47), 4(0.30), 2(0.22)
11.88 11(0.68), 7(0.61), 10(0.37), 1(0.23)

Eigenvalue

5.12 17(0.48), 10(0.39), 7(0.33), 2(0.32), 5(0.21)
2.06 3(0.89), 7(0.37), 1(0.21)
1.74 2(0.62), 11(0.45), 7(0.39), 5(0.35), 3(0.29)

Table 5.7 PCA results for formic acid degradation under argon at 600 kHz.

Eigenvector for each reactions

igenval i i
Eigenvalue (reaction no.(eigenvector))

11(0.75), 17(0.63), 2(0.53), 10(0.49), 3(0.30), 22(0.28), 5(0.27),

142.67 1 500.24),1(0.23)

5490 | 1(0.90), 10(0.37), 4(0.29), 11(0.26), 5(0.24), 7(0.24)

29.43 | 3(0.57), 17(0.56), 11(0.30), 2(0.25), 10(0.24)

11(0.55), 26(0.37), 1(0.33), 7(0.32), 10(0.28), 27(0.26), 22(0.25),

19021 9400.24)

29(0.79), 26(-0.75), 7(-0.75), 10(-0.51), 24(0.44), 27(0.40), 1(-0.37),

13.81111(0.34), 22(-0.30)

11.12 | 27(-0.34)

9.94 | 29(-0.84), 24(-0.71), 22(0.40), 7(0.27)

6.92 | 22(-0.53), 24(-0.44), 3(0.41), 7(0.29), 26(-0.24)

430 | 22(-0.30), 10(-0.27), 7(0.21), 17(-0.20)

320 | 23(-0.76), 28(0.57), 26(0.36), 10(-0.32), 29(-0.27), 7(0.25), 27(-0.22)

2.87 28(-0.68), 23(-0.44)

Log sum of squares of the NSCs for hydrogen peroxide generation under oxygen
saturated solutions are shown in Figure 5.10. Under oxygen saturated solutions,
reactions related to hydroperoxyl radicals at the interface (reactions 7, 8 and 9) and

diffusion of hydrogen peroxide (reaction 10) from the bubble interface to bulk solution
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have a major impact on hydrogen peroxide formation. Also, the initiation reaction
(reaction 1) and the reaction describing the recombination of hydroxyl radicals (reaction
2) are critical for hydrogen peroxide generation. In the presence of oxygen,
recombination of both hydroxyl and hydroperoxyl radicals are the major sources of
hydrogen peroxide. As shown in Table 5.8, PCA results show the four largest
eigenvalues (together accounting for more than 99.99% of the system response)
correspond to eigenvectors whose component are reaction 1, 2, 7, 8 9 and 10.
Sensitivity analysis of reactions accounting for formic acid degradation (see Figure
5.11) show that formic acid degradation is controlled by the diffusion of formic acid

(reaction 26) and hydroxyl radical (reaction 11) from bubble interfaces to bulk solution.
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-6 -5 -4 -3 -2 -1 0
Log of Sum of Squares of NSCs

Figure 5.10 Log of sum of squares of NSCs for reactions involved in hydrogen
peroxide formation at 300 kHz under oxygen saturated solutions.
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Figure 5.11 Log of sum of squares of NSCs for reactions involved in formic acid
degradation at 300 kHz under oxygen saturated solutions.

Table 5.8 PCA results for hydrogen peroxide formation under oxygen saturated
solutions at 600 kHz.

Eigenvector for selected reactions

Eigenvalue (reaction no.(eigenvector))

271.49 1(0.75), 6(0.66), 21(0.39), 12(0.39)

53,67 21(0.82), 12(0.82), 1(0.70), 8(0.63), 2(0.48), 3(0.35), 15(0.33),
' 11(0.23), 7(0.20)

36.80 6(0.26), 8(0.26), 2(0.23)

16.35 11(1.00), 17(0.89), 8(0.62), 6(0.36), 10(0.32), 1(0.30), 2(0.27),
' 9(0.21), 20(0.21)

7.40 13(0.58), 9(0.37), 19(0.35), 7(0.29), 10(0.28)

6.09 10(1.00), 13(0.35), 2(0.27)

) 5o 9(0.78), 7(0.78), 13(0.70), 8(0.43), 17(0.33), 20(0.30), 1(0.27),
‘ 19(0.26), 2(0.25), 3(-0.24)

1.89 15(0.86), 3(0.47)

1.85 19(0.52), 20(0.44), 17(0.36), 2(0.28)



1.61

3(0.69), 15(0.40), 12(0.23), 21(0.23)

1.41

2(0.49), 11(0.23)

Table 5.9 PCA results for formic acid degradation under oxygen saturated solutions at

600 kHz.

Eigenvector for each reactions

Eigenvalue (reaction no.(eigenvector))
269.14 1(0.75), 6(-0.66), 21(0.39), 12(0.39)
78.60 26(1.00), 11(-0.64), 2(0.52),25(-0.51), 17(-0.47), 30(0.38), 22(-0.38),
8(0.35), 1(-0.22), 21(-0.21), 12(-0.20)
5424 30(0.82), 21(0.48), 12(0.48), 1(-0.43), 8(-0.38), 29(0.34), 28(0.34),
26(-0.28), 2(-0.26), 3(0.21)
5148 30(0.83), 21(0.48), 12(0.48), 1(0.40), 26(-0.39), 28(-0.34), 29(-
' 0.34), 8(-0.29), 3(0.24), 25(-0.24), 11(0.21)
39.86 26(0.37), 11(-0.25), 2(0.21)
32 07 8(0.57), 6(-0.46), 11(0.37), 3(-0.28), 25(-0.27), 9(0.22), 21(0.20),
12(0.20)
11.94 27(0.66), 10(-0.32), 2(-0.31)
7.70 25(-1.00), 22(0.92), 10(0.61), 17(0.54), 11(-0.54)
6.48 13(0.36), 10(-0.32), 19(-0.31), 9(0.27), 22(0.23), 27(-0.21), 7(0.20)
5.86 10(-0.64), 13(-0.42), 19(0.33), 23(-0.30), 27(-0.29), 7(0.27), 9(-0.23)
4.44 17(0.68), 10(0.49), 22(-0.48), 24(0.36), 23(0.36), 25(-0.35), 27(-0.24)
3.02 29(0.73), 28(0.73), 30(-0.60)
241 9(-0.57), 7(0.52), 13(0.49), 19(0.43), 8(-0.28)
1.89 15(-0.77), 3(0.42)
1.60 3(0.76), 15(-0.44), 12(-0.25), 21(-0.25), 6(0.21)
1.28 2(0.89), 27(-0.45), 11(-0.38), 8(-0.27)
0.59 24(-0.55), 23(-0.55), 17(-0.38), 20(0.24), 11(0.21)
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5.3 Conclusions

In this chapter, a kinetic model is developed which describes hydrogen peroxide
formation and formic acid degradation on ultrasonic irradiation. The model provides
excellent fits to our experimental data under all conditions investigated. The model also
identifies the important reactions controlling hydrogen peroxide formation and formic
acid degradation. Hydrogen peroxide formation is shown to be controlled by
recombination of hydroxyl radicals and, in the presence of oxygen, hydroperoxyl
radicals. Under all conditions investigated, the water decomposition reaction and
diffusion of hydrogen peroxide from the bubble interface to the bulk solution are the

key reactions controlling hydrogen peroxide formation.

The model shows that reaction of formic acid with hydroxyl radicals at both the
interface and in the bulk solution are key to its degradation. The rate of formic acid
degradation is controlled by diffusion of formic acid from bulk solution to bubble
interfaces. Slow diffusion rate of formic acid from bulk solution to bubble interfaces
explains the slow decomposition rate of formic acid observed experimentally. This
result also supports the observation of no effect of formic acid addition on hydrogen

peroxide formation.
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Chapter 6

Effect of Fe(ll) Addition on
Formic Acid Degradation by
Ultrasonic Irradiation

6.1 Introduction

Extensive research has been undertaken in the past to improve the efficiency of
sonochemical reactions, considering that a significant portion of the energy used in
producing radical species is not effectively converted into an optimum yield of the
desired products (Olson and Barbier, 1994, Hua et al, 1995). As discussed earlier,
hydrogen peroxide is formed by recombination of hydroxyl radicals and hydroxperoxyl

radicals; 1.e.

*OH + *OH — H);0, (1)
*HO; + *HO; — H,0, 2

However, hydrogen peroxide production and its subsequent reaction with hydroxyl
radical (eq. 3) limits the steady-state concentration of hydroxyl radicals which do have

high reactivity towards target organic compounds; i.e.,

H,0; + *OH — *HO; + H,0 3)
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Indeed, the production of hydroxyl radicals needs to be increased if more effective
degradation of target compounds is to be achieved. Many researchers have concentrated
on ways to improve the efficiency of sonochemical degradation of organic compounds
by increasing the production of reactive radicals (Dutta et al., 2002, Beckett and Hua,
2003, Yim ef al., 2003, Ioan et al, 2007). One possible pathway to increase hydroxyl
radical production is to use ferrous iron which reacts with hydrogen peroxide to produce

hydroxyl radicals; i.e.,

Fe(Il) + H,0, — Fe(IIl) + OHe “4)

The increased yield of hydroxyl radical in the presence of ferrous iron may lead to
increased sonochemical degradation (Bucket and Hua, 2000, Joseph et al, 2000,
Neppolian et al, 2002, Yim et al, 2002,). However, the concentration of hydroxyl
radicals in the presence of ferrous iron may also be limited by the rapid oxidation of

ferrous iron by hydroxyl radicals; i.e.,

Fe(II) + OHe + H'— Fe(III) + H,O (5)

Thus, it is expected that there will be an optimum ferrous iron concentration where
maximum hydroxyl radical production and hence maximum degradation of organic

compound occurs.

In this chapter, the effect of ferrous iron addition on formic acid degradation by
ultrasonic irradiation is investigated. Experimental results for hydrogen peroxide
formation and formic acid degradation by ultrasonic irradiation were presented in
Chapter 4 and a model that satisfactorily described the results obtained was presented in
Chapter 5. This mathematical model is extended in this chapter by combination with
Fenton reactions enabling description of the effect of ferrous iron addition on hydrogen

peroxide formation and formic acid degradation.
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6.2 Materials and Methods

Sonolytic radiation of 300 kHz frequency was used for formic acid degradation in the
presence of Fe(II). A 10 mM ferrous iron (Fe(Il)) stock solution was prepared from
ferrous sulphate (Fe,SO47H20, Ajax Chemicals) in 2mM HCI. Fe(II) concentrations
ranging from 10 to 500 uM of Fe(Il) are used in the experiments described here. The
initial pH of solution was set at 3.5 by addition of an appropriate amount of 0.1N nitric
acid and no further control was applied. 200 nM of C'* labeled formic acid was used as
the target substrate. The Fe(II) concentration was measured spectrophotometrically
using 1,10-phenanthroline as the complexing agent (Fortune and Mellon, 1938) as
described in detail in Chapter 3.4.6. Hydrogen peroxide concentration was measured

spectrophotochemically as described in Chapter 3.4.3.2.

6.3 Results and Discussion

6.3.1 Effect of Fe(ll) addition on formic acid degradation

Figures 6.1 and 6.2 show the effect of Fe(II) addition on formic acid degradation by
ultrasonic irradiation of pH 3.5 solutions under argon and oxygen saturated solutions,
respectively. In both cases, Fe(Il) addition clearly affects the rate of formic acid
degradation by ultrasonic irradiation with an initial increase at low Fe(II) concentrations
followed by a reduction in degradation rate. The maximum rate of formic acid
degradation was observed at Fe(II) concentrations of 100 uM and 30 pM under argon

and oxygen saturated solutions respectively.
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Figure 6.1 Effect of Fe(ll) addition on degradation of 200 nM formic acid by 300 kHz

ultrasonic irradiation of a pH 3.5 solution saturated with argon.
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Figure 6.2 Effect of Fe(ll) addition on degradation of 200 nM formic acid by 300 kHz

ultrasonic irradiation of a pH 3.5 solution saturated with oxygen.



As seen in Figures 6.3 and 6.4, formic acid decay generally initially exhibits first order
decay though at the higher Fe(ll) concentrations under oxygen saturated solutions, some
departure from pseudo first order is observed at later times. Initial pseudo first order rate

constants were determined from linear fits to the data at early times.

10 15 20 25 30

Time, mm

Figure 6.3 Pseudo first order kinetic analysis of formic acid degradation at the lower

concentration range of Fe(ll) (10 \IM - 100 |iM) under oxygen saturated solutions.
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Figure 6.4 Pseudo first order kinetics of formic acid degradation at higher concentration

range of Fe(ll) (200 |iM - 500 [xM) under oxygen saturated solutions.



Figure 6.5 shows the effect of Fe(ll) addition under air saturated solutions. In this case,
the effect of Fe(ll) addition is substantially less dramatic than is the case under argon or
oxygen saturated solutions with only a slight increase in degradation rate in the presence
of 100 |iM Fe(ll). As noted in Chapter 4, it appears that hydroxyl radical scavenging by
nitrogen species leaves little scope for degradation of formic acid and any enhancement
in hydroxyl radical generation resulting from Fe(ll) addition does little to increase

formic acid degradation.
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Figure 6.5 Degradation of formic acid (200 nM) at various Fe(ll) concentrations on 300

kHz sonolysis of pH 3.5 air saturated solutions.

Initial pseudo-first order degradation rate constants as a function of Fe(ll) concentration
in the presence of different background gases are shown in Figure 6.6. The rate
constants for formic acid degradation initially increase with increasing initial
concentration of Fe(ll) for solutions saturated with argon and oxygen but, as noted
above, peak at 100 jiiM and 30 [iM [Fe(Il)] respectively, and then exhibit a slow
decrease in degradation rate as [Fe(ll)] increases further. The oxygen saturated system
is clearly more responsive to Fe(ll) addition than is the argon saturated system with the
pseudo first order degradation rate increasing from 0.09 min* to 0.19 min™ for only a
30 i"M Fe(Il) addition in the O2 case compared to an increase from 0.04 min' to 0.12

min™ for a 100 |iM Fe(ll) addition in the argon case. The decrease in formic acid



degradation rate at the higher Fe(ll) presumably occurs (as suggested in the
Introduction) because of the increasing competition for hydroxyl radicals between Fe(Il)
and formic acid. This issue will be examined further in the modelling section presented

in Section 6.3.3.

100 200 300 400 500

Concentration of Fe(ll), pM

Figure 6.6 Comparison of the effect of Fe(ll) addition on formic acid decomposition

rate constant for different dissolved gases ( A argon, ¢ oxygen, e air).

6.3.2 Effect of Fe(ll) addition on hydrogen peroxide formation

To investigate the effect of Fe(ll) addition in more detail, we also measured the extent
of hydrogen peroxide generation in the presence of Fe(ll) under argon saturated
solutions. Results are presented in Figure 6.7 with extent of hydrogen peroxide
formation decreasing with increasing concentration of Fe(ll). This effect is presumably
observed because of the reaction of Fe(ll) with H202. This explanation is supported by
an observed decrease in ferrous iron concentration over time as is shown in Figure 6.8.
Model reactions for hydrogen peroxide formation in the presence of Fe(ll) are

summarised in Table 6.1.
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Figure 6.7 Hydrogen peroxide formation by ultrasonic irradiation in presence of Fe(ll)

at 300 kHz under argon saturated solutions. Closed symbol represent the experimental

result and solid line represents the model fit. «: [Fe(l)] = 50 [xM ¢ : [Fe(ll)] = 100 "M
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Figure 6.8 Variation in Fe(ll) concentration over time on ultrasonic irradiation of argon
saturated solutions at 300 kHz and for different concentrations of added Fell. Closed
symbol represents experimental result and solid line represents model fit. «: [Fe(ID* =
50 NiM e : [Fe(ID)] = 100 [iM A : [Fe(I1D] =200 AiM T : [Fe(11)] = 500 "M.



6.3.3 Kinetic model for hydrogen peroxide formation and formic
acid degradation in the presence of Fe(ll)

In this section, we examine the ability of a simple combination of the model for
description of the sonolytic breakdown of formic acid with a previously reported model
for the Fenton-mediated breakdown of the same compound (Duesterberg ef al., 2005).
Key reactions for both the sonolytic breakdown and Fenton-mediated breakdown of
formic acid under anoxic conditions are presented in Table 6.1 and 6.2. As seen in
Figure 6.9, use of these equations together with previously reported rate constants for
each reaction provides a description of the effect of [Fe(II)] that is similar to the
observed trend but which slightly over-predicts the effect of added Fe(II) at low Fe(ll)

concentrations.

As shown in Figure 6.7 and 6.8, the mathematical model satisfactorily describes the
hydrogen peroxide formation and decrease in Fe(II) concentration at all added Fe(II)
concentrations examined in this study. These results support the assumption that the
Fenton reactions occur in the bulk solution and confirm the major surmised effects that
interaction of added Fe(Il) with sonolytically generated H,O, that disperses into bulk
solution produces additional hydroxyl radicals that act to enhance the degradation of
formic acid in bulk solution. The impact of high Fe(II) concentrations of added Fe(II) in
inhibiting the enhancement observed at low Fe(Il) doses is principally a result of
competition between formic acid and Fe(II) for hydroxyl radicals generated in bulk

solution by the Fenton process.

While a number of factors could account for the slight difference between modelled and
observed effect of Fe(Il) addition on formic acid degradation rate, two are particularly
worth addressing. Firstly, while solution pH was initially set at 3.5, there was no
attempt to control the pH over the course of sonolysis and there was invariably an
increase (up to about 4.5) over the course of the approximately 30 minute sonolyis
experiments. Provided iron precipitation does not occur, the effect of increasing pH is to
increase the ability of added iron to promote Fenton-mediated formic acid degradation.
This occurs both because of the increased redox cycling of iron that occurs as a result of

the more facile reduction of Fe(Ill) by superoxide radical anion compared to its
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protonated form, the hydroperoxyl radical (pKa = 4.8), and because of the higher rate of

hydroxyl radical attack on the formate anion than the protonated formic acid (pKa =

3.75).

Table 6.1 Reactions for hydrogen peroxide formation and Fenton reactions

No Reaction Rate constant Reference
Reaction in the bubble
1 | HyO — *OH + *H— *OH(i) + *H(i) 6.2x107 5! In this study
Reactions at the interface

2 | *OH(i) + *OH(i) — H,0,(i) 52x10°M!s! Buxton et al., 1988

3 | *H(®i) + *H(i) — H, 78%x10°M"' 5! Buxton e al., 1988

4 | «OH() + *H(i)) — H,0 7.0x10° M5! Buxton et al., 1988

5 | H,05(3i) + *H(i) — *OH(i) + H,0 9.0x10’ M5 Buxton ez al., 1988

6 | *OH(i) + H,0(i) — *HO,(i) + H,0 33x10'M's Buxton et al., 1988

7 | HO5(i) — H,04(b) 1.8x1072s™ In this study

Reactions in the bulk solution

8 | *OH(b) + *OH(b) — H,0,(b) 52x10°M's! Buxton et al., 1988

9 | *H(b) + *H(b) — Hyb) 7.8x10° M s Buxton et al., 1988

10 | *OH(b) + *H(b) — H,0 7.0x10°M's™! Buxton et al., 1988

11 | *OH(b) + H,04(b) — *HO,(b) + H,0 33x10°'M's Buxton et al., 1988

12 | H,0,(b) + *H(b) — *OH(b) + H,0 9.0x10’M* s Buxton ef al., 1988

13 | Fe(II) + H,0,(b) — Fe(Ill) + OH(b) +OH 51M's! Walling, 1975

14 | Fe(Ill) + HyO,(b) — Fe(Il) + HO,(b) +H" 20x10°M's! Kwan and Voelker, 2002
15 | Fe(Ill) + HOy(b) — Fe(ll) +H" + O, 7.82x10°M"' s Kwan and Voelker, 2002
16 | Fe(Il) + HOy(b) — Fe(Ill) +H;0,(b) 1.34x10°M' s’ Kwan and Voelker, 2002
17 | Fe(ll) + OH(b) — Fe(lll) + OH 320x 108 M s’ Kwan and Voelker, 2002
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Table 6.2 Reaction showing formic acid degradation by ultrasonic irradiation.

No Reaction Razlewc.?:ﬁt)am reference
Reactions occurring in bulk solution
18 | HCOOH(b) + *OH(b) — COO*(b) + H,O + H* 1.2x10° In this study
19 | COO<(b) + COO*(b) — Int(b) 1.4x10° Flyunt er al., 2001
20 | Int(b) + H" — CO, + HCOOH(b) 1.0x10’ Flyunt et al., 2001
21 | HCOOH(b) — HCOOH(i) 8.1x10™ In this study
Reactions occurring at interface

22 | HCOOH(i) + *OH(i) — COO~ (i) + H,O + H" 1.2x10° In this study
23 | COO~ (i) + COO- (i) — Int(i) 1.4x10° Flyunt e al., 2001
24 | Int(i) + H" — CO, + HCOOH(i) 1.0x10’ Flyunt et al., 2001

The presence of oxygen influences both the sonolytic production of hydroxyl radicals as
well as hydrogen peroxide and, potentially, the extent of iron redox cycling in the
Fenton-mediated degradation of formic acid as a result of the ability of carboxyl
radicals to reduce oxygen to superoxide (which, in turn, leads to enhanced redox cycling
of iron (Duesterberg et al., 2005)). The additional reaction that must be considered is
shown below together with the previously reported rate constant. As can be seen from
Figure 6.10, excellent agreement between predicted and observed effects of Fe(Il)

addition on rate constant for formic acid degradation is observed.

Rate constant (M s reference

25  COOw(b) + 0, + H+ — CO, + *HO4(b) 4.2x10° Flyunt et al., 2001

As observed in Chapter 4, a higher hydrogen peroxide formation rate under oxygen
saturated solutions (i.e., 4.5 uM/min) than under argon saturated solutions (i.e., 2.6
puM/min) was obtained. Thus, a higher rate of hydroxyl radical production can be
expected in the presence compared to the absence of oxygen through the reaction of
hydrogen peroxide with added Fe(II). Oxygen is likely to play an important role in
redox cycle of iron species as well as hydrogen peroxide formation. Whether formic
acid is present or not, superoxide radical can always be formed by the reaction of

oxygen with hydroxyl radicals by ultrasonic irradiation in the presence of oxygen. The
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species can reduce the Fe(lll) leading to higher Fe(ll) concentration and thus more

hydroxyl radical concentration.

0.15

100 200 300 400 500
Concentration of Fe(ll), pM

Figure 6.9 Effect of added Fe(Il) concentration on initial pseudo-first order decay rate
constant of formic acid(200 nM) under argon saturated solutions at 300 kHz. Symbols
represent the experimental data while the solid line represents the model predicted

results.
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Figure 6.10 Effect of added Fe(ll) concentration on initial pseudo-first order decay rate
constant of formic acid(200 nM) under oxygen saturated solutions at 300 kHz. Symbols
represent the experimental data while the solid line represents the model predicted

results.

6.4 Conclusions

In this chapter, the effect of ferrous iron addition on formic acid degradation and
hydrogen peroxide production by ultrasonic irradiation is investigated. Ferrous iron
addition increased formic acid degradation by approximately 3 fold in the presence of
30 fiM ferrous iron under oxygen saturated solutions and 100 fiM ferrous iron under
argon saturated solutions. However, the effect of ferrous iron addition on formic acid
degradation was minor under air saturated solutions, possibly as result of hydroxyl
radical scavenging by nitrogen species.

To investigate the reaction scheme and the mechanisms, ferrous iron and hydrogen
peroxide concentrations were also monitored over time in the presence of ultrasonic
irradiation. The mathematical model developed here based on the model proposed in
chapter 5 can predict ferrous iron and hydrogen peroxide concentrations observed on
ultrasonic irradiation under argon saturated solutions. These results support the
conclusion that hydrogen peroxide reaction with ferrous iron occurs in bulk solution.

Formation of hydrogen peroxide formation by ultrasonic irradiation was observed to



initiate the Fenton reaction on addition of Fe(II). Based on the reaction of hydrogen
peroxide with Fe(II) in the bulk solution, the effect of initial concentration of Fe(II) on
the rate constant for formic acid degradation is adequately described under both argon
and oxygen saturated solutions. Model predictions showed that higher rates of
generation of hydroxyl radicals enhanced the rate of formic acid degradation under both
conditions. The model presented suggested that higher rate constants for formic acid
degradation in the presence of oxygen could be accounted for due to i) enhancement of
the extent of iron redox cycling as a result of the hydroperoxyl radical-mediated
reduction of Fe(IIl) and ii) the presence of higher hydrogen peroxide concentrations. It
should be noted that model reactions in this study were simplified by neglecting the
possible effect of pH variation on the reactions and their rate constants. Despite this
(and other simplifications), the kinetic model proposed here provides insight into the
reaction mechanism associated with iron-catalysed hydroxyl mediated degradation of

formic acid and provides an excellent description of the data obtained.
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Chapter 7

Implication of Findings to Other
Contaminants; Optimisation of Phenol
Degradation by Ultrasonic Irradiation

7.1 Introduction

Ultrasonic irradiation (or sonolyis) is a so-called advanced oxidation processes but,
unlike other AOPs, contaminant degradation can occur by two different mechanisms,
namely, pyrolysis by thermolytic decomposition in the bubble and free radical
(especially hydroxyl radical) reaction at the interface and/or in the bulk solution. The
results of investigations into the kinetics and mechanism of reactions leading to
hydrogen peroxide formation and formic acid degradation on ultrasonic irradiation have
been presented in previous chapters. In this chapter, results of application of ultrasonic
irradiation to degradation of a contaminant of different hydrophobicity to formic acid
are presented and assessed in light of the approach that has been successfully used to
describe hydrogen peroxide generation and formic acid degradation. Phenol was chosen
as the target compound since it is a common anthropogenic contaminant of well defined
characteristics. Phenol is one of the most abundant pollutants in industrial wastewater
and is also formed as an intermediate product in the industrial synthesis of many
products. The mechanism of degradation of phenol by hydroxyl radical attack is well
established (Serpone et al., 1992, Berlan et al., 1994, Petrier et al., 1994, Rivas et al.,
1998, Emery et al., 2003) And this understanding together with insights into sonolytic
processes described in earlier chapters is used to interpret the results presented in this

chapter on the sonolytic degradation of phenol.
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7.2 Materials and Methods

All chemicals used in the experiments were reagent grade and used as received.
Aqueous media were prepared and used by dissolving the chemicals in pure water
obtained from a Milli-Q plus Millipore system. Stock solutions (100 mM) of phenol and
byproducts (hydroquinone, benzoquinone, and catechol) were stored in the dark. The
experimental procedure used here is the same as that described in Chapter 4. Both
hydrogen peroxide formation and phenol degradation was observed at two frequencies
(300 and 600 kHz) since high hydrogen peroxide generation and formic acid
degradation rates were observed at these frequencies (see Chapter 4). The initial
solution pH was set either using nitric acid or phosphoric acid. Three different dissolved
gases (air, argon and oxygen) were used to determine their effect on sonolytic
degradation of phenol. The experimental solution was sparged with the dissolved gas
for at least 15 mins to attain saturation concentration in the solution prior to ultrasonic
irradiation. The concentration of phenol and its by-products were determined by HPLC
as described in Chapter 3.4.4. The hydrogen peroxide concentration was measured

using the spectrophotometric method described in Chapter 3.4.3.1.

7.3 Results and discussions

7.3.1 Sonochemical degradation of phenol

The kinetics of sonolytic degradation of phenol was measured for two frequencies (300
and 600 kHz) and three dissolved gases (air, argon and oxygen). Phenol degradation
followed pseudo-first-order kinetics at both frequencies as shown in Figure 7.1 to 7.3.
The initial pseudo first order rate constants for phenol degradation determined under
various conditions are summarised in Figure 7.4. As shown, the initial pseudo first
order rate constants of phenol degradation are higher under oxygen and air saturated
solutions than under argon saturated solutions at 300 kHz. Also, the initial pseudo first
order rate constants of phenol degradation were higher at 600 kHz at all initial
concentration of phenol examined except 400 pM. The initial pseudo first order rate
constant is also dependent on initial phenol concentration with the rate constant

increasing with decrease in initial concentration of the phenol. A decrease in rate
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constants at higher organic concentration is consistent with other studies (Petrier et al.,
1994, Kotronarou et alL, 1991) as well the results of formic acid degradation rate
described in Chapter 4 (see Fig 4.4).

T r
10 20 30 40 50 60
Time, min

Figure 7.1 Phenol concentration change under argon saturated solutions at 300 kHz
(e: 100 [liM, e :200 "M, ¢ :400 NM).



Time, min

Figure 7.2 Phenol concentration changes under oxygen saturated solutions at 300 kHz
(e: 100 *M, « :200 "NM, A : 400 NiM).

Time, min

Figure 7.3 Phenol concentration changes under air saturated solutions at 300 kHz
(¢ : 100 NiM, « :200 [aM, ¢ :400 NM).



The maximum pseudo-first order rate constant is achieved at 600 kHz under argon
saturated solutions. This observation contradicts our earlier result which showed that
the rate of hydrogen peroxide formation under oxygen and air saturated solutions is
similar to that in case of argon at 600 kHz (See Table 4.1 in Chapter 4). However, this
contradiction can be explained by the difference in hydrogen peroxide production
pathways in the presence of argon and oxygen. Under argon saturated solutions,
hydrogen peroxide is formed only by recombination of hydroxyl radicals (*OH + »OH
—e H202) while in the case of oxygen and air, recombination of hydroperoxyl radicals
(*HO2 + «HO2 — H202 + 02) also results in hydrogen peroxide formation. Under
oxygen and air saturated solutions, hydroperoxyl radicals scavenge hydroxyl radicals
available for phenol degradation («<OH + «HO2 ~ H20 + 02), thereby decreasing the

phenol degradation rate.
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Figure 7.4 Summary of degradation rate of phenol by ultrasonic irradiation under

different dissolved gases and frequencies.



Sonolytic degradation of phenol was completely inhibited by the addition of 1% ( v/v)
/-butanol, a hydroxyl radical scavenger (Figure 7.5). This observation confirms that
phenol degradation occurs due to its interaction with hydroxyl radical in the
concentration range examined here. However it is to be noted that pyrolytic degradation
may occur at higher concentrations of phenol (Serpone et al., 1994, Petrier et al, 1994,

Rong et a/., 2002).

100 150
Time, min

Figure 7.5 Phenol degradation in presence of /-butanol (e: phenol concentration
without /-butanol, phenol concentration with /-butanol). Conditions: 600 kHz,
phenol] = 200iiM and argon saturated solutions.

7.3.2 By-products of phenol degradation by ultrasonic irradiation

On ultrasound irradiation, hydroquinone and catechol were detected as primary by-
products of phenol degradation under all conditions examined. These results are
consistent with earlier published results (Serpone et al, 1992, Petrier et al, 1994,
Timothy et al.,, 2006). The highly reactive hydroxyl radicals and hydrogen atoms
produced on ultrasonic irradiation can activate the phenol aromatic ring. It is well
known that this effect is felt most strongly at the ortho and para positions. This fact is
confirmed by our results which showed formation of hydroquinone and catechol but

resorcinol was not detected.



As shown in Figures 7.6-7.8, the yield of by-products was different for different
background gases. Catechol and hydroquinone were the dominant species for all
background gases used in this study. While under argon saturated solution, the
concentration of catechol is slightly higher than hydroquinone, the concentrations of
hydroquinone and catechol formed are similar under oxygen saturated solutions.

Benzoquinone formation was detected only under air saturated solutions (Figure 7.8).
The benzoquinone detected under air saturated solutions should be p-benzoquinone
which is the dehydrated form of hydroquinone. Ortho-benzoquinone, which can be
derived from catechol degradation, is fairly unstable and can easily cleave to form
aliphatic compounds. Benzoquinone and dihydroxybenzenes are in redox equilibrium
with the possibility of transformation between these species during sampling and HPLC
analysis (Scheck and Frimmel, 1995). Also, o-benzoquinone standards were not
available commercially which prevented us from confirming its formation by HPLC
analysis. p-benzoquinone can rapidly react with hydrogen atom radical resulting in
formation of hydroquinone (Serpone et al., 1992) and hence higher yield of hydrogen
atom radicals under oxygen and argon saturated solutions (see Chapter 4) can explain
the lack of formation of hydroquinone under these conditions. Also, it is to be noted that
the final pH was lower than the initial pH only under air saturated solutions which could
be explained by the production of simple acids such as maleic or formic acid from
degradation of quinones. The production of p-benzoquinone as an intermediate is also
affected by the solution pH. It has previously been reported that no benzoquinone
formation was detected above pH 3.5 (Serpone et al., 1992). Under air saturated

solutions, the concentration of catechol is much higher than that of other intermediates.
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150
Sonication time, min

Figure 7.6 By-product formation on sonolytic degradation of phenol under argon
saturated solutions. Experimental conditions: Phenol concentration = 400 "M,

Frequency = 600 kHz, pH 3.5.

100

Sonication time, min

Figure 7.7 By-product formation on sonolytic degradation of phenol under oxygen
saturated solutions. Experimental conditions: Phenol concentration = 400 \IiM,

Frequency = 600 kHz, pH 3.5.
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Figure 7.8 By-product formation on sonolytic degradation of phenol under air saturated
solutions. Experimental conditions: Phenol concentration = 400 i*M, Frequency = 600
kHz, pH3.5.

7.3.3 Effect of initial phenol concentration

Experiments with different initial concentrations of phenol (20-1000 |iM) were carried
out at 300 kHz under air saturated solutions. Degradation of aqueous phenol solutions
by ultrasonic irradiation exhibits pseudo-first-order reaction Kinetics at all
concentrations examined as shown in Figure 7.9. The pseudo-first order rate constants
were calculated accordingly using the integrated form of the related rate equation:

c® (1)

where C and Co are concentrations of phenol at time t and zero respectively, and k is the
pseudo first order degradation rate constant. The variation in observed pseudo first order
rate constant ("obs) with respect to initial phenol concentration is presented in Figure 7.9.
As shown, the pseudo-first-order rate constant of phenol degradation is dependent on

initial phenol concentration with the rate constant decreasing with increasing initial



concentration of phenol. While complete degradation was achieved for 20[iM of phenol
in less than 60 min, only 20% was degraded over 60 mins in presence of 1000
phenol. The pseudo-first order rate constant decreased from 0.0623 min™ for initial

phenol concentration of 20 “M to a value of 0.0092 min** for initial phenol

concentration of 1000 |iM.

Sonication time, min
20 30 40

400 nM
200 nM

e o N ® <4 >

Figure 7.9 Degradation of phenol shown as In(C/Co) versus time at 300 kHz with 30 W
(acoustic power) at pH 3.5. C represents the concentration of phenol at time t and Co

represents the initial concentration of phenol.

The observed initial rate of decomposition is depicted in Figure 7.10 as the plot of

1/"obs versus phenol concentration showing two distinct regimes:

For regime 1, at low concentration of phenol (< 100 |[iM),

I/kobs= 12.417+ 0.1923 Co

For regime 2, at higher concentration of phenol (> 100 NiM),

i1kobs = 25.843+ 0.0836 Co

where, Co is the initial concentration of phenol.



Results that the rate constant for degradation of organic compounds by sonication
decreases with increasing concentration of organic compound are consistent with
findings of Serpone et al. (1994). They investigated 4-chlorophenol (4-CP) degradation
by ultrasonic irradiation (frequency 20 kHz, power 50 W) in air saturated aqueous
medium at relatively low initial 4-CP concentration (18.2 - 394 |aM). They showed that
at higher concentrations of 4-CP, the sonochemical degradation show saturation-type
kinetics reminiscent of Langmuirian behaviour in solid/gas systems. They suggest that
hydroxyl radical reaction with 4-chlorophenols takes place in the solution bulk at low
concentrations, while at the higher concentrations the reactions occur predominantly at

the interface.
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Figure 7.10 Effect of initial phenol concentration on sonochemical degradation of

phenol.

7.3.4 Effect of pH on sonochemical degradation of phenol

The interfacial zone surrounding cavitational bubbles is negatively charged and

hydrophobic(Serpone et al, 1992, Tauber et al., 2000). Hence neutral species of



hydrophilic compounds can more easily diffuse to, and accumulate at, the hydrophobic
liquid-gas bubble interface suggesting that pH (which will influence the speciation of
organic compounds if they possess acid/base properties) may affect the degradation rate
of organic compounds. Many researchers (Kotronarou et al., 1991, Okouchi et al., 1992,
Ku et al., 1997) have observed that the degradation rate of target organic compounds by
ultrasonic irradiation decreases with an increase in solution pH, while others (Wu et al.,
1992) showed that organic compounds degraded more rapidly at higher pH. The
sonolytic degradation of phenol was examined at different pH values to determine the
effect of pH on its degradation kinetics. The initial pH was adjusted by addition of
appropriate volumes of 10 mM NaOH stock solution to 10 mM phosphate buffer. The
experimental results of phenol degradation at three different pH values at 300 kHz
under air saturated solution are summarized in Table 7.1. The profile of phenol

degradation and by-products evolution overtime are shown in Figure 7.11 to 7.13.

Table 7.1 Effect of initial pH on phenol degradation rate by ultrasonic irradiation.

Conditions : 300 kHz, air saturated solution and [phenol], = 200 uM.

Initial pH Pseudo-first order degradation rate
constant (min™)
pH3.5 0.0190
pHS.S 0.0176
pH 7.5 0.0182
pH3.5* 0.0226

* : phosphate buffer was not used ; initial pH was set by nitric acid

As shown in Table 7.1, pseudo-first order degradation rate constants were not
significantly affected over the range of pH values used in this study. This observation
can be explained by the fact that the protonated and uncharged form of phenol (pK, =
9.99) is the dominant specie for pH < 9, therefore, the rate constant of phenol
degradation on sonication would be expected (as is observed) to be similar in the pH
range of 3-8 examined here. This explanation is consistent with the results of an earlier

study (Singla et al., 2004) which showed that degradation of benzoic acid was favoured
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at solution pH < pATa of benzoic acid. At pH < pATa benzoic acid was degraded both
inside the bubble by pyrolysis and at the interface by the hydroxyl radical. At pH > pAt,
benzoic acid degradation occured due to its reaction with hydroxyl radicals only due to
the low diffusivity of the deprotonated form of benzoic acid across the gas liquid
interface.

As shown in Table 7.1, the initial pseudo first order degradation rate constant of phenol
is higher in the absence of the phosphate buffer. This could be due to scavenging of
hydroxyl radicals by phosphate species (Schmidt et al.,, 1995, Howard and Meylan,

1997) as shown by the reactions below.

OH* + PO4™"  product, k< 1.OXIO'*M's-? 2
OH* + HPO4™'  product, 1.5x10" M-' S~ €)
OH- + H2P04'  HO- + H2P04% )
OH* + H3PO4  H20 + H2P04% A = 2.7x10" MA s (5)

200

Sonication time, min

Figure 7.11 Sonolytic degradation of phenol at pH 3.5. Conditions: 300 kHz, 30
W (acoustic power), air saturated solutions (HQ: hydroquinone, BQ: benzoquinone, CC:

catechol).
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Figure 7.12 Sonolytic degradation of phenol at pH 5.5. Conditions: 300 kHz, 30

W (acoustic power), air saturated solution (HQ : hydroquinone, CC : catechol).

200 n-50
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Figure 7.13 Sonolytic degradation of phenol at pH 7.5. Conditions: 300 kHz, 30

W (acoustic power), air saturated solution (HQ: hydroquinone, CC: catechol).



Hydroquinone (HQ) and catechol (CC) were detected as primary by-products in all
cases except at pH 3.5. In addition to HQ and CC, benzoquinone (BQ) was also
detected at pH 3.5 (see Figure 7.11) even though similar pseudo first order phenol
degradation rate constants were observed at all pH values. As shown in Table 7.2, the
yield of catechol is similar at all pHs examined; however the concentration of
hydroquinone at initial pH 3.5 was 50% less than other conditions suggesting that

hydroquinone easily decomposes to form benzoquinone under acidic conditions.

Table 7.2 Effect of pH on the concentration of hydroquinone and catechol produced on
sonolysis after 2 hours ([phenol]y = 200 pM). Condition : 300 kHz, 30W, air saturated

solutions.

. ) The ratio of
Initial pH | [Hydroquinone}], uM [Catechol], pM
hydroquinone/Catechol

3.5 16.11 19.6 0.82
5.5 39.91 20.89 1.91
7.5 36.36 23.34 1.56

7.3.5 Effect of acoustic power on phenol degradation

When acoustic power increases, it simultaneously increases the amplitude of vibration,
the maximum radius of the bubble as well as its collapse time thereby affecting free
radical generation. The effect of acoustic power on hydrogen peroxide formation and
phenol degradation was investigated at 300 kHz under air saturated solutions. As shown
in Figure 7.14, hydrogen peroxide formation and phenol degradation rate increased with
increasing acoustic power. These results are consistent with the earlier reports
(Gutierrez and Henglein, 1990, Entezari ef al., 1997) which showed that as the power
increases, the reaction rate increases to a maximum and then decreases with continued
increase in power. However, it should be noted that the optimum acoustic power is also

dependent on the frequency applied (Whillock and Harvey, 1997b).
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Figure 7.14 Effect of acoustic power on phenol degradation rate and hydrogen peroxide
formation rate (¢ : hydrogen peroxide formation rate, * : phenol decomposition rate).

Conditions: 300 kHz, pH 3.5, air saturated solution.

7.3.6 Effect of Fe(ll) addition on phenol degradation

7.3.6.1 Effect of initial Fe(ll) concentration

As shown in Chapter 6, ferrous iron addition can increase generation of hydroxyl

radicals by Fenton's reaction :

Fe(ll) + H202  Fe(lll) + OH* + OH" ®)

The sonolytic degradation of phenol in the presence of Fe(ll) was performed under air-
saturated solutions at pH 3.5. As shown in Table 7.3, the pseudo-first order
degradation rate constant of phenol by ultrasonic irradiation significantly increased in
the presence of Fe(ll) presumably due to increased yield of hydroxyl radicals through
the Fenton reaction (Joseph et al, 2000, Jiang and Waite, 2003). A maximum increase
in the measured pseudo-first order degradation rate constant was observed in the

presence of 300 jiM Fe(ll). However, the rate constants slowly decreased with the



increased in Fe(II) to higher concentration due to the scavenging of hydroxyl radicals by
the added Fe(1Il).

Table 7.3 Pseudo-first order degradation rate constant of phenol in the presence of
Fe(II).

Concentration of P S“edo'ﬁl:St order
degradation rate {112, min
Fe(1I) rat .
constants, min
0 0.0226 30,67
100 0.0334 20.75
500 0.0371 18,68
200 0.0363 19.09
700 0.0346 2003
1009 0.0339 20.45

Conditions: 300 kHz, 30 W(acoustic power), pH 3.5, phenol concentration 200 uM, air

saturated solutions.

7.3.7 Mathematical modelling of phenol degradation kinetics

The kinetics of phenol degradation was modelled by combining the mathematical model
for hydroxyl radical generation (proposed in Chapter 5) with the reactions of hydroxyl
radicals with phenol and its by-products as shown in Table 7.4. Mathematical model
results were obtained and compared to experimental data collected at 300 kHz for 200
uM of initial phenol concentration under argon saturated solutions (see Figure 7.15).
Free radical reactions and their rate constants shown in Table 7.4 are the same as those
used in Chapter 5 to model the hydrogen peroxide formation at 300 kHz under argon
saturated solutions. Reactions for phenol degradation due to its interaction with
hydroxyl radicals are shown in Table 7.5. As in the case of formic acid degradation, we
have assumed that phenol slowly diffuses into the interface and phenol degradation
occurs both in the bulk solution as well as at the interface. Phenol is decomposed by
hydroxyl radicals leading to formation of hydroquinone (reactions 14 and 26) and
catechol (reactions 15 and 27) as primary intermediates (Timothy et al., 2006).
Hydroquinone and catechol can be further degraded by hydroxyl radicals to produce p-
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benzoquinone and o-benzoquinone respectively (reactions 16, 17, 25 and 26). Further
oxidation of benzoquinone by hydroxyl radicals produces unsaturated carboxylic acids
(reactions 18 and 27) such as muconic snd maleic acids (Berlan et al, 1994, Timothy et
al., 2006). The diffusion rate constants for phenol and its intermediates were determined
based on best fit model results. The diffusion rate constant of benzoquinone cannot be
determined because benzoquinone formation was not detected under argon saturated
solutions. As shown in Figure 7.15, the model results show a good fit to phenol

degradation and its by-product formation under argon saturated solutions.

The model also provides a good fit to phenol degradation rates under oxygen and air
saturated solutions with appropriate changes to rate constants for the initiation reaction
and diffusion reaction of radical and organic compounds. However, the model over-
predicts the hydroquinone and catechol formation rate over time under these conditions.
This is probably due to some missing sink reactions for hydroquinone and catechol
which are not included in the model for e.g. comproportionation reaction of
hydroquinone (HQ) (eq 7) resulting in formation of semiquinone radicals (SQ) which in
turn oxidize to benzoquinone(BQ) in the presence of oxygen (eq 8) (Chen and

Pignatello, 1997); i.e.

HQ + BQ — *SQ + *SQ (7)
SQ + 0, — BQ + *HO; (8)

Furthermore, the hydroperoxy radical (formed under air and oxygen saturated solutions)

can also oxidize hydroquinone and catechol (Bieleski et al , 1985).

Table 7.4 Model reactions for phenol degradation under argon saturated solutions at 300
kHz.

No Reaction Rate constant Reference

Reaction in the bubble

1 | H,O — *OH + *H— *OH(i) + *H(i) 6.2x107 s In this study

Reactions at the interface

2 | “OH() + *OH(i) — H,0,(i) 52x10°M!s? Buxton e? al., 1988

128



3 *H(i) + *H(i) — H, 78x10° M ¢! Buxton et al., 1988
4 *OH(i) + *H(i) —» H,0 7.0x10° M ¢! Buxton et al., 1988
5| HyOy(i) + «H(i) — *OH(i) + H,0 9.0x10'M' s Buxton ef al., 1988
6 | *OH(i) + Hy04(i) — *HO,(i) + H,0 33x10°M!'s! Buxton ef al., 1988
7 | *OH(i) — *OH(b) 1.8x107 5™ In this study

8 | Hy0,(i) — H,0,(b) 2.0x107 s In this study

Reactions in the bulk solution

9 | “OH(b) +*OH(b) — H,04(b) 52x10° M5! Buxton ez al., 1988
10 | *H(b) + *H(b) — Hyb) 78x10° M5! Buxton ez al., 1988
11 | *OH(b) + *H(b) — H,0 7.0x10° M s Buxton ef al., 1988
12| *OH(b) + H,0,(b) — *HO,(b) + H,0 3.3x10°M s Buxton ef al., 1988
13 | HyO4(b) + *H(b) — *OH(b) + H,0 9.0x10’M's! Buxton ef al., 1988

Table 7.5 Reactions showing phenol degradation by ultrasonic irradiation.

No Reaction Rate constant reference
Reactions occurring at interface

14 Phenol(i) + *OH(i) — Hydroquinone(i) 3.0x108M' s Walling, 1975

15 Phenol(i) + *OH(i) — Catechol(i) 73x10° M’ Walling, 1975

16 Hydroquinone(i) + *OH(i) —p-Benzoquinone(i) 52x10° M5! Buxton ef al., 1988

17 Catechol(i) + *OH(i) — o-Benzoquinone(i) 1.1x10"M ' Buxton et al., 1988

18 p-Benzoquinone(i) + *OH(i) — acid(i) 83x10°M' s Buxton et al., 1988

19 o-Benzoquinone(i) + *OH(i) — acid(i) 8.3x10°M's! | Buxtoneral., 1988

20 Hydroquinone(i) — Hydroquinone(b) 125 In this study

21 Catechol(i) —Catechol(b) 345! In this study

22 p-Benzoquinone(i) — p-Benzoquinone(b) ND

23 o-Benzoquinone(i) — o-Benzoquinone(b) ND

24 acid(i) — acid(b) 25! In this study
Reactions occurring in the bulk solution

25 Phenol(b) — Phenol(i) 2.6x10* s In this study

26 Phenol(b) + *OH(b) — Hydroquinone(b) 3.0x10°M's™! Walling, 1975

27 Phenol(b) + *OH(b) — Catechol(b) 73x10° M s Walling, 1975

28 Hydroquinone(b) + *OH(b) — Benzoquinone(b) 52x10°M!s! Buxton et al., 1988

29 Catechol(b) + *OH(b) — Benzoquinone(b) 1.1x10"°M ' s Buxton et al., 1988

30 | Benzoquinone(i) + *OH(i) — acid(i) 83x10°M' s’ Buxton et al., 1988
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Figure 7.15 Observed and predicted profile of phenol degradation and intermediates
formation by ultrasonic irradiation. Conditions : 300 kHz, 30 W(acoustic power), pH
3.5, 200 \}M of phenol, and argon saturated. Solid line and closed symbol represent
observed and predicted profile of phenol and intermediates (e : phenol, -

hydroquinone ¢ : catechol)

The effect of initial concentration of phenol on phenol degradation kinetics may be
examined using the proposed model. As noted earlier, the first order rate constant for
phenol degradation decreases in a biphasic manner with increase in pohenol
concentration with a transition at about 100 fiM phenol from rapid reduction in rate
constant with increase in phenol concentration for [phenol]Jo < 100 jiiM to a slower
reduction for [phenol]o > 100 fiM (see Figure 7.10). Simulation using the proposed
model does show a reduction in degradation rate constant with increasing initial
concentration of phenol with this change occurring because of increasing back diffusion
of phenol from the interface to bulk solution. Indeed, as shown in Figure 7.16, the
predicted phenol degradation rate constants at low initial phenol concentrations are
reasonably similar to those measured. However, the model suggests a significantly
lower effect of phenol concentration on degradation rate than is actually observed with

this difference particularly evident at high initial phenol concentrations. No attempt has



been made to rationalise this effect further given the complexity of the phenol
degradation mechanism, particularly at high phenol concentrations where the

intermediates that are formed may compete strongly with phenol for hydroxy1 radicals.

20 40 60

Concentration of phenol, pM

Figure 7.16 Concentration dependence profile on decomposition rate at low
concentration range from 20 "M to 60 [xM (e : decomposition rate observed A:
decomposition rate simulated). Condition : 300 kHz, 30 W(acoustic power), pH 3.5, and

air saturated solutions.

We also modelled the effect of Fe(ll) addition on phenol degradation under air saturated
solutions. As proposed in Chapter 6, Fenton-like reactions mediated by Fe(ll) are
expected to occur in the bulk solution. Reactions for the redox cycling of iron in the
presence of free radicals that are used here are the same as those used in Chapter 6. The
rate constant for the initiation reaction and the diffusion rate constant of free radicals
that are used here are the same as those proposed for use under nitrogen saturated
solutions because the physical properties (solubility, specific heat ratio and thermal
conductivity) of both gases are quite similar. In this case, the diffusion rate of phenol is

simulated as 3x10" sec™ through best fitting to the obtained data. The model determined

phenol degradation rates in the presence of various concentrations of Fe(ll) are shown



in Figure 7.17. The model shows that there is no significant increase in phenol

degradation rate by Fenton-like reactions at the phenol concentrations examined here.

200 400 600 800 1000

Fe(ll) concentration, pM

Figure 7.17 Effect of Fe(ll) addition on phenol degradation under air saturated at 300
kHz. Solid line and closed symbols represent the model prediction and experimental
data. Condition : 300 kHz, 30 W(acoustic power), pH 3.5, air saturated solutions, and
200 "M of phenol.

7A Conclusion

In this chapter, the effect on sonolytic degradation of phenol of various parameters such
as frequency, dissolved gas, initial pH and initial concentration of phenol have been
investigated. Phenol degradation followed the pseudo first order kinetics at all
conditions examined. The maximum phenol degradation by ultrasonic irradiation was
observed at 300 kHz under air saturated solutions and 600 kHz under argon saturated
solutions. The experimental results of phenol degradation in the presence of scavenger
(tert-butanol) support the conclusion that phenol is decomposed by the hydroxyl radical
generated by ultrasound irradiation. Hydroquinone and catechol have been identified as

the major intermediates under all conditions examined. The effect of solution pH in the



range 3-8 was not significant on sonolytic degradation of phenol. This clearly shows
that ionized organic molecules are relatively difficult to accumulate at the interface,
since uncharged forms of phenol dominate in solution as well as at interface in the pH
range examined. The degradation of phenol was enhanced in the presence of Fe(II)

with the maximum increase observed in the presence of 300 pM of Fe(Il).

A free radical reaction mechanism for phenol degradation at the interface and in the
bulk solution is proposed and a kinetic model developed. The proposed model
satisfactorily predicts the effect of sonolysis on the concentration profile of phenol and
its by-products under argon saturated solutions. Model predictions were carried out
assuming that the diffusion of phenol and intermediates to the interface. The success of
the kinetic model supports the conclusion that phenol degradation occurs both at the
interface and in bulk solution. The kinetic model also satisfactorily describes the effect
of Fe(II) on phenol degradation with an enhancement in degradation rate at low Fe(II)
concentrations. It should be noted that the model reactions were simplified considerably
by ignoring the formation and fate of potentially important species such as phenoxyl
radical and dicyclodihexadienyl radical intermediates. However, despite these
simplifications the model results still provide useful insight into the reaction mechanism

of phenol degradation by ultrasonic irradiation under the conditions used in this study.
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Chapter 8

Summary and Conclusions

A comprehensive set of experiments has been undertaken using a simple, well-defined
model system over a range of operating conditions in order to gain added insight into
the key free radical reactions occurring on sonolysis of solutions containing low
concentrations of target organic compounds. Based on the experimental results obtained
and our knowledge of likely free radical processes operating in such systems, a
relatively simple kinetic model that reasonably accounts for most of the results obtained

has been developed.

In particular, the formation of hydrogen peroxide, an entity that provides indirect
evidence of the formation of hydroxyl radicals, has been investigated over a range of
conditions including three ultrasonic frequencies and different dissolved gases. Through
the analysis of the experimental results obtained, the effect of physical properties on
hydrogen peroxide formation rate and hydrogen peroxide formation mechanism has
been examined. The minimal effect of hydrogen peroxide addition on hydrogen
peroxide formation rate suggests that the presence of hydrogen peroxide in the bulk
solution results from diffusion of hydrogen peroxide from the bubble interfaces where it
is formed by recombination of free radicals. Free radicals (hydroxyl, hydrogen atom,
and hydroperoxyl radicals) may diffuse to some extent into the bulk solution leading to
reactions with species present in the bulk though it is expected that the extent of
diffusion will be limited due to the high reactivity of these species. Formic acid
degradation and its degradation mechanism by ultrasonic irradiation were also

investigated at different frequencies and dissolved gases. Effects of hydroxyl radical
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Scavengers (t-butanol and phenol) on formic acid degradation suggest that formic acid

degradation by ultrasonic irradiation occurs principally at the interface.

As noted above, a kinetic model has been developed which describes hydrogen peroxide
formation and formic acid degradation on ultrasonic irradiation. The model provides
excellent fits to our experimental data under all conditions investigated. The model also
identifies the important reactions controlling hydrogen peroxide formation and formic
acid degradation. Hydrogen peroxide formation is shown to be controlled by
recombination of hydroxyl radicals and, in the presence of oxygen, hydroperoxyl
radicals. Under all conditions investigated, the water decomposition reaction and
diffusion of hydrogen peroxide from the bubble interface to the bulk solution are the

key reactions controlling hydrogen peroxide formation.

The model also shows that reaction of formic acid with hydroxyl radicals at both the
interface and in the bulk solution are key to its degradation. The rate of formic acid
degradation is controlled by diffusion of formic acid from bulk solution to bubble
interfaces. Slow diffusion rate of formic acid from bulk solution to bubble interfaces
explains the slow decomposition rate of formic acid observed experimentally. This

result also supports the observation of no effect of formic acid addition on hydrogen

peroxide formation.

The effect of ferrous iron addition on formic acid degradation and hydrogen peroxide
production by ultrasonic irradiation has also been investigated in this study and, at pH
3.5, found to increase the rate of formic acid degradation by a factor of up to 3 under
argon and oxygen saturated solutions. The effect of ferrous iron addition on formic acid
degradation was shown to be minor under air saturated solutions, possibly as result of
hydroxyl radical scavenging by nitrogen species. Addition of Fenton reactions to the
kinetic model developed earlier was found to give reasonable predictions of the effect of
Fe(II) addition under argon and oxygen saturation. The ability of the model to describe
the results obtained suggested that higher rate constants for formic acid degradation in
the presence of oxygen could be accounted for due to i) enhancement of the extent of
iron redox cycling as a result of the hydroperoxyl radical-mediated reduction of Fe(III)

and ii) the presence of higher hydrogen peroxide concentrations.
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While the mechanism of sonolytic degradation of phenol is considerably more complex
than that of formic acid, a model similar to that used to describe formic acid degradation
was found to give a reasonable description of phenol degradation, at least at low phenol
concentrations. At high phenol concentrations (>100 pM), complexities due to the

intermediates formed preclude reliable modeling, at least within the constraints of this

project.

Further refinement of the model developed here could be envisaged with scope for more
elaborate account to be taken of temperature effects at the bubble interfaces where the
bulk of the free radical reactions described in this work are likely to occur. Additionally,
it is recommended that more work be undertaken using simple probe organic molecules

to further clarify the key processes involved in degradation.

While not within the charter of this thesis, it would also be of interest to examine the
cost of scale-up of sonolysis technology in order to assess the possibility of full scale
implementation. While the complexity of the reactors required and the power costs
associated with this technology may limit its use for treatment of large volumes of water,
application for batch treatment of small volumes of waste (e.g., ballast water treatment
on ships, treatment of in-house wastewater prior to reuse, pre-treatment of industrial

wastes prior to biological treatment) would seem worthy of further investigation.
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