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Abstract 

This study evaluated the effectiveness of ozonation and activated carbon for the degradation 

and removal of three main emerging contaminants (ECs) in wastewater; fluoranthene (FLT), 

di (2- ethyl hexyl) phthalate (DEHP) and cypermethrin (CYM). The effects of key semi-batch 

ozonation parameters related to gas-liquid mass transfer and reaction kinetics were 

identified for all contaminants. 

The degradation rates were evaluated in solutions of DI water, using concentration change 

of ozone and EC versus time. With an ozone gas concentration of 20 g/m3 NTP, the change in 

concentration from an initial concentration of 0.05 mg/L over time was measured using HPLC. 

To decrease by 75 %, it took less than a minute for FLT, two minutes for DEHP and six minutes 

for CYM.  

The adsorption of the emerging contaminants with granulated activated carbon (GAC) were 

evaluated in solutions of DI water at an initial concentration of 1 mg/L. For the decrease in 

concentration of 60 %, the time for each contaminant varied. For FLT this was achieved in 5 

minutes, DEHP was decreased within 20 minutes, and it took CYM 20 minutes to reach this 

decrease.  

The effects of ozonation and adsorption onto GAC were also investigated in samples of final 

wastewater effluent.  



3 
 

Declarations and Statements 

 

This work has not previously been accepted in substance for any degree and is not being 

concurrently submitted in candidature for any degree. 

Signed: A. Catton 

Date: 17/01/2024 

 

This thesis is the result of my own investigations, except where otherwise stated. Other 

sources are acknowledged by footnotes giving explicit references. A bibliography is 

appended. 

Signed: A. Catton 

Date: 17/01/2024 

 

I hereby give consent for my thesis, if accepted, to be available for electronic sharing 

Signed: A. Catton 

Date: 17/01/2024 

 

The University’s ethical procedures have been followed and, where appropriate, that ethical 

approval has been granted. 

Signed: A. Catton  

Date: 17/01/2024 

  



4 
 

Acknowledgements 

 

I would like to thank Prof Chedly Tizaoui for his support throughout my project and for 

assisting in the further development of my understanding and experimental skills. Without 

his support the outcomes from my project would not have been possible.  

I also would like to thank Dr Michael Gerardo with Welsh Water for his continued support 

with my project and for providing an insight from an industrial point of view into the research 

I was undertaking.  

The M2A programme, I would like to thank, for their support throughout this year, and the 

additional activities they conducted throughout the year to ensure I finished my masters with 

a well-rounded set of skills.  

My family and have friends have provided me with so much support throughout this year 

that has helped and enabled me to complete my research and thesis within the time frame 

and to the best of my abilities.  

And finally, thank you to everyone else who has helped me in any capacity throughout this 

year, there are too many to mention individually, without all of you I would not have been 

able to complete this project to the level I have. Thank you.   



5 
 

Table of Contents  

 

Abstract ................................................................................................................................... 2 

Declarations and Statements .................................................................................................. 3 

Acknowledgements ................................................................................................................. 4 

Table of Contents .................................................................................................................... 5 

Table of Figures ..................................................................................................................... 10 

Table of Tables....................................................................................................................... 12 

Abbreviations ........................................................................................................................ 14 

Chapter 1 – Introduction ....................................................................................................... 15 

Aims and Objectives .......................................................................................................... 18 

Chapter 2 – Literature Review .............................................................................................. 19 

2.1 - Water crisis ................................................................................................................ 19 

2.2 - Emerging contaminants ............................................................................................ 19 

2.3 – Emerging contaminants of interest to this study .................................................... 20 

2.3.1 - Fluoranthene ...................................................................................................... 21 

2.3.2 – Di (2-ethyl hexyl) phthalate .............................................................................. 23 

2.3.3 - Cypermethrin ..................................................................................................... 25 

2.4 - Advanced oxidation processes and alternative processes ...................................... 27 

2.4.1 – Coagulation and flocculation ............................................................................ 28 

2.4.2 - Biological ............................................................................................................ 29 

2.4.3 – Ozone ................................................................................................................. 31 

2.4.3.1 - Direct ozonation .......................................................................................... 32 

2.4.3.2 - Indirect ozonation ....................................................................................... 33 

2.4.3.3 – Radical scavengers ..................................................................................... 37 

2.4.3.4 – By-products ................................................................................................ 37 

2.4.3.5 - Ozone toxicology ......................................................................................... 39 

2.4.3.6 - Ozone mass transfer ................................................................................... 39 

2.4.3.7 - Bubble coalescence ..................................................................................... 40 

2.4.3.9 - Surface tension ............................................................................................ 40 

2.4.3.10 - Effects of pH and temperature on ozonation .......................................... 42 

2.4.4  - Ozonation of the emerging contaminants ....................................................... 42 

2.4.4.1 - Fluoranthene ozonation ............................................................................. 42 

2.4.4.2 - Di (2- ethyl hexyl) phthalate ozonation...................................................... 42 

2.4.4.3 - Cypermethrin ozonation ............................................................................. 43 



6 
 

2.4.5 - Hybrid processes .................................................................................................... 43 

2.4.5.1 - UV/H2O2 ....................................................................................................... 44 

2.4.5.2 - Ozone/H2O2 ................................................................................................. 44 

2.4.5.3 - Ozone/UV .................................................................................................... 45 

2.4.5.4- Fenton’s reaction ......................................................................................... 46 

2.4.6 - Adsorption .......................................................................................................... 47 

2.4.6.1 - Activated carbon ......................................................................................... 47 

2.4.6.2 - Ozone/activated carbon ............................................................................. 48 

2.4.6.3 - BET Isotherm ............................................................................................... 49 

2.4.6.4 – TOC .............................................................................................................. 50 

2.4.6.5 - Iodine Number ............................................................................................ 51 

2.4.7 - Isotherms ............................................................................................................ 52 

2.4.7.1 - Langmuir Isotherm ...................................................................................... 53 

2.4.7.2 - Freundlich isotherm .................................................................................... 54 

2.5 - Rate theory ................................................................................................................ 55 

2.5.2 - Arrhenius equation ............................................................................................ 56 

2.6 - Analytical techniques ................................................................................................ 57 

2.6.1.1 - Indigo Method ............................................................................................. 57 

2.6.1.2 - Beer Lambert Law ....................................................................................... 59 

2.6.2 – Sample preparation ........................................................................................... 60 

Chapter 3 – Materials and Methods ..................................................................................... 61 

3.1 – Materials ................................................................................................................... 61 

3.1.1 - Emerging contaminants of interest: .................................................................. 61 

3.1.2 - Contaminant Solution Preparation ................................................................... 61 

3.2 - Analytical ................................................................................................................... 62 

3.2.1 - UV-Vis Analysis ................................................................................................... 62 

3.2.2 - Fluorescence Analysis ........................................................................................ 62 

3.2.3 - High Performance Liquid Chromatography Analysis ........................................ 62 

3.3 - Ozonation Experiments ............................................................................................. 63 

3.4 - Mass transfer of ozone in DI water .......................................................................... 63 

3.4.1 - Ozonation of chemical contaminants ................................................................ 65 

3.4.1.1 - Fluoranthene ............................................................................................... 66 

3.4.1.2 - Di (2- ethyl hexyl) phthalate ....................................................................... 67 

3.4.1.3 - Cypermethrin .............................................................................................. 68 

3.4.1.4 - Stoichiometric Analysis ............................................................................... 69 

3.4.2 - Indigo Method .................................................................................................... 69 



7 
 

3.5 - Adsorption experimentation ................................................................................ 71 

3.5.1 - Iodine Number ................................................................................................... 71 

3.5.1.1 - Preparation of solutions ............................................................................. 71 

3.5.1.2 - Standardisation of solutions ....................................................................... 72 

3.5.1.3 - Iodine number procedure ........................................................................... 72 

3.5.1.4 - Adsorption with GAC .................................................................................. 72 

3.6 - Wastewater Analysis ............................................................................................. 74 

Chapter 4 – Ozone Mass Transfer Analysis .......................................................................... 76 

4.1 - Indigo Method ........................................................................................................... 76 

4.2 - Ozone mass transfer ................................................................................................. 76 

4.2.1 - Effects of pH on ozone mass transfer ................................................................ 79 

4.2.2 - Effect of temperature ........................................................................................ 81 

4.2.3 - Effect of flow rate............................................................................................... 83 

4.2.4 - Effect of scavengers ........................................................................................... 88 

Chapter 5 - Ozone Degradation of Chemical Contaminants ................................................ 90 

5.1 - FLT analysis ................................................................................................................ 91 

5.1.1 - UV-Vis Analysis ................................................................................................... 91 

5.1.2 - Fluorescence Analysis ........................................................................................ 91 

5.1.3 - HPLC Analysis ..................................................................................................... 92 

5.1.3.1 - Calibration Curve......................................................................................... 92 

5.1.4 - Effect of oxygenating solution ........................................................................... 94 

5.1.5 - Effect of ozone concentration ........................................................................... 95 

5.1.6 - Effect of pH ......................................................................................................... 95 

5.1.7 - Effects of temperature ....................................................................................... 99 

5.1.9 - Stoichiometric Effects ...................................................................................... 103 

5.1.10 - Summary of findings ...................................................................................... 105 

5.2 - DEHP analysis .......................................................................................................... 106 

5.2.1 - UV-Vis Analysis ................................................................................................. 106 

5.2.2 - Fluorescence Analysis ...................................................................................... 106 

5.2.3 - HPLC Analysis ................................................................................................... 107 

5.2.3.1 - Calibration Curve....................................................................................... 107 

5.2.4 - Oxygenation of DEHP ....................................................................................... 109 

5.2.5 - Ozonation of DEHP ........................................................................................... 109 

5.2.6 - Effect of pH ....................................................................................................... 110 

5.2.7 - Effect of temperature ...................................................................................... 113 

5.2.8 - Effect of scavengers ......................................................................................... 115 



8 
 

5.2.9 - Stoichiometric Analysis .................................................................................... 116 

5.2.10 - Summary of findings ...................................................................................... 118 

5.3 - CYM Analysis ........................................................................................................... 119 

5.3.1 - UV-Vis Analysis ................................................................................................. 119 

5.3.2 - Fluorescence Analysis ...................................................................................... 120 

5.3.3 - HPLC Analysis ................................................................................................... 120 

5.3.3.1 - Calibration Curve....................................................................................... 120 

5.3.4 - Oxygenation of CYM ........................................................................................ 122 

5.3.5 - Ozonation of CYM ............................................................................................ 122 

5.3.6 - Effect of pH ....................................................................................................... 124 

5.3.7 - Effect of temperature ...................................................................................... 124 

5.3.8 - Effect of scavengers ......................................................................................... 126 

5.3.9 - Stoichiometric Analysis .................................................................................... 128 

5.3.10 - Summary of findings ...................................................................................... 129 

5.4 - Combined Ozonation .............................................................................................. 130 

5.5 - Ozonation Summary ............................................................................................... 132 

Chapter 6 - Adsorption onto Activated Carbon .................................................................. 133 

6.1 - FLT Adsorption ........................................................................................................ 133 

6.2 - CYM Adsorption ...................................................................................................... 136 

6.3 - DEHP Adsorption ..................................................................................................... 139 

6.5 - Iodine Number .................................................................................................... 142 

6.6 - Summary of findings ............................................................................................... 145 

Chapter 7 – Wastewater Analysis ....................................................................................... 146 

7.1 - Ozonation of wastewater ....................................................................................... 147 

7.2 - Adsorption onto GAC in wastewater ...................................................................... 148 

Chapter 8 – Conclusion and Future Work ........................................................................... 151 

8.1 - Ozone Mass Transfer............................................................................................... 151 

8.2 - Ozonation of emerging contaminants .................................................................... 151 

8.2.1 - FLT ..................................................................................................................... 151 

8.2.2 - DEHP ................................................................................................................. 152 

8.2.3 - CYM ................................................................................................................... 153 

8.3 - Adsorption by Granulated Activated Carbon ......................................................... 154 

8.4 - Wastewater Analysis ............................................................................................... 154 

8.4.1 - Ozonation of chemical contaminants in wastewater ..................................... 154 

8.4.2 - Adsorption of chemical contaminants in wastewater .................................... 155 

References ........................................................................................................................... 157 



9 
 

Glossary ............................................................................................................................... 171 

Appendices .......................................................................................................................... 173 

Appendix 1 – Iodine Number Calculations ..................................................................... 173 

Standardisation of 0.100 N Sodium Thiosulfate......................................................... 173 

Standardisation of 0.100 N Iodine Solution ............................................................... 173 

Calculating the iodine number .................................................................................... 174 

Calculating the carbon dosage .................................................................................... 175 

Appendix 2 – deriving the equation relating CAL and kLa ............................................... 176 

  



10 
 

Table of Figures 

Figure 1: Skeletal structure of fluoranthene ......................................................................... 21 

Figure 2: Skeletal structure of di (2- ethyl hexyl) phthalate .................................................. 24 

Figure 3: Skeletal structure of cypermethrin ......................................................................... 26 

Figure 4: schematic of the process of coagulation and flocculation ..................................... 28 

Figure 5: Schematic showing the process of biological degradation ..................................... 30 

Figure 6: Mechanism for the oxidation of a compound by direct ozonation, where M 

presents a compound, and Moxid is the compound oxidised. ................................................ 32 

Figure 7: Chemical equation to show the generation of hydroxyl radicals from a chemical 

oxidation process ................................................................................................................... 33 

Figure 8: Diagram to show the generation of hydroxyl radicals from a photocatalytic 

process, figure generated from (Nosaka & Nosaka, 2016), where S is a substrate molecule.

 ............................................................................................................................................... 34 

Figure 9: Diagram to show the generation of hydroxyl radicals from a sonochemical process, 

figure generated from (Ziembowicz et al., 2017) .................................................................. 35 

Figure 10: Mechanism for the production of hydroxyl radicals from ozone, where MP is a 

product ................................................................................................................................... 36 

Figure 11: A schematic showing the cohesive factors between molecules in a liquid. ......... 41 

Figure 12: Equation showing the degradation of ozone with hydrogen peroxide to produce 

hydroxyl radicals .................................................................................................................... 44 

Figure 13: The chemical reactions that occur within the Fenton's reaction process ............ 46 

Figure 14: an equilibrium between the gas phase and the adsorbate phase ....................... 53 

Figure 15: within the Freundlich isotherm, there is variety in the amount of gas adsorbed 

depending on the temperature and pressure. ...................................................................... 54 

Figure 16: mechanism for the reaction of indigo sulphonate solution with ozone .............. 58 

Figure 17: reaction scheme for the reaction with indigo trisulphonate ................................ 70 

Figure 18: effect of gas ozone concentration on absorption into solution (pH = 6, 

temperature ~ 20 oC, oxygen gas flow = 0.5 L/min) .............................................................. 77 

Figure 19: effect of pH on absorption of ozone into solution (ozone gas concentration = 50 

g/m3 NTP, temp = ~ 20 oC, oxygen flow rate = 0.5 L/min) ..................................................... 80 

Figure 20: effect of temperature on absorption of ozone into the liquid phase (ozone gas 

concentration = 50 g/m3 NTP, pH = 6, oxygen flow rate = 0.5 L/min) ................................... 82 

Figure 21: (a) effect of flow rate on absorption of ozone into solution; (b) effect of flow rate 

on kLa, (ozone gas concentration = 50 g/m3 NTP, pH = 6, temp = ~ 20 oC) ........................... 84 

Figure 22: effect of radical scavengers on absorption of ozone into solution (ozone gas 

concentration = 50 g/m3 NTP, pH = 6, temp = ~ 20 oC, oxygen flow rate = 0.5 L/min) ........ 88 

Figure 23: Chemical reactions for the conversion of radicals to ozone by carbonate .......... 89 

Figure 24: Calibration curve obtained for FLT once guards were installed on the column ... 93 

Figure 25: Graph depicting the effect of flowing oxygen into solution on FLT degradation 

(oxygen flow rate = 0.5 L/min, pH = 6, temp = ~ 20 oC) ......................................................... 94 

Figure 26: Graph comparing the effects of pH on FLT degradation (ozone gas concentration 

= 20 g/m3 NTP, temp = ~ 20 oC, oxygen flow rate = 0.5 L/min) ............................................ 96 

Figure 27: Effect of pH on ozone concentration (ozone gas concentration = 20 g/m3 NTP, 

temp = ~ 20 oC, oxygen flow rate = 0.5 L/min) ...................................................................... 98 

Figure 28: Effect of temperature on FLT degradation (ozone gas concentration = 20 g/m3 

NTP, pH = 6, oxygen flow rate = 0.5 L/min) ........................................................................... 99 

file:///C:/Users/catto/Desktop/thesis/Corrections/Anna%20Catton%20-%20corrections%20new.docx%23_Toc154044229
file:///C:/Users/catto/Desktop/thesis/Corrections/Anna%20Catton%20-%20corrections%20new.docx%23_Toc154044229


11 
 

Figure 29: Effect of tert-butanol on FLT degradation (ozone gas concentration = 20 g/m3 

NTP, temp = ~ 20 oC, oxygen flow rate = 0.5 L/min, pH = 6) ............................................... 102 

Figure 30: Relationship between the volume of ozonated water used in the reaction and 

the ratio of change of moles of ozone throughout the reaction and change of moles of FLT 

throughout the reaction ...................................................................................................... 104 

Figure 31: calibration curve for the first peak shown in the HPLC analysis for DEHP 

concentration ....................................................................................................................... 108 

Figure 32: ozonation of DEHP (ozone gas concentration = 20 g/m3 NTP, temp = ~ 20 oC, 

oxygen flow rate = 0.5 L/min, pH = 6) .................................................................................. 110 

Figure 33: effect of pH (ozone gas concentration = 20 g/m3 NTP, temp = ~ 20 oC, oxygen 

flow rate = 0.5 L/min) .......................................................................................................... 111 

Figure 34: effect of temperature on DEHP degradation (ozone gas concentration = 20 g/m3 

NTP, pH = 6, oxygen flow rate = 0.5 L/min) ......................................................................... 113 

Figure 35: effect of the presence of a radical scavenger (ozone gas concentration = 20 g/m3 

NTP, temp = ~ 20 oC, oxygen flow rate = 0.5 L/min, pH = 6) ................................................ 115 

Figure 36: stoichiometric relationship between DEHP concentration and ozone 

concentration ....................................................................................................................... 117 

Figure 37: UV-Vis spectrum ................................................................................................. 119 

Figure 38: calibration curve for the HPLC analysis of CYM .................................................. 121 

Figure 39: ozonation of CYM (ozone gas concentration = 20 g/m3 NTP, temp = ~ 20 oC, 

oxygen flow rate = 0.5 L/min, pH = 6) .................................................................................. 123 

Figure 40: degradation of CYM by ozonation at different temperatures (ozone gas 

concentration = 20 g/m3 NTP, oxygen flow rate = 0.5 L/min, pH = 6) ................................. 125 

Figure 41: ozonation of CYM comparing the reaction with the presence of tert-butanol as a 

radical scavenger and with no scavenger present (ozone gas concentration = 20 g/m3 NTP, 

temp = ~ 20 oC, oxygen flow rate = 0.5 L/min, pH = 6) ........................................................ 127 

Figure 42: Relationship between the volume of ozonated water used within the reaction 

and the ratio of change of moles of ozone throughout the reaction compared to the change 

in moles of CYM throughout the reaction ........................................................................... 128 

Figure 43: ozonation degradation rates of all contaminants when ozonated in a solution of 

DI water containing all three contaminants (ozone concentration = 20 g/m3 NTP, oxygen 

flow rate = 0.5 L/min, pH = 6, temperature = 20 oC) ........................................................... 130 

Figure 44: effect of different masses of GAC on adsorption of FLT onto the surface of GAC

 ............................................................................................................................................. 133 

Figure 45: plot of Q against time for the adsorption of FLT onto GAC (T = 20 oC) .............. 135 

Figure 46: change in concentration of CYM over time due to adsorption onto GAC .......... 137 

Figure 47: plot pf Q against time for the adsorption of CYM onto GAC .............................. 138 

Figure 48: change in concentration of DEHP over time due to adsorption onto the surface of 

GAC ...................................................................................................................................... 140 

Figure 49: plot of Q against time for the adsorption of DEHP onto the surface of GAC ..... 141 

Figure 50: graph representing the iodine number of different samples of granulated 

activated carbon .................................................................................................................. 144 

Figure 51: Degradation of the three emerging contaminants in final wastewater effluent by 

ozonation. (T = 20 oC, pH = 6, ozone concentration = 20 g/m3 NTP, oxygen flow rate = 0.5 

L/min) ................................................................................................................................... 147 

Figure 52: Rate of concentration decrease over time of (a) DEHP, (b) FLT, and (c) CYM from 

adsorption onto GAC (mass GAC = 0.015 g, T = 20 oC) ........................................................ 149 

 



12 
 

Table of Tables  

Table 1: Oxidation Potentials (Leusink, 2014). ...................................................................... 48 

Table 2: HPLC conditions used for analysis ........................................................................... 63 

Table 3: conditions used for each experiment investigating ozone mass transfer into 500 mL 

DI water .................................................................................................................................. 64 

Table 4: Reaction conditions used when analysing the effect of different conditions on the 

ozonation of Fluoranthene. ................................................................................................... 66 

Table 5: Reaction conditions used when analysing the effect of different conditions on the 

ozonation of Di (2- ethyl hexyl) phthalate. ............................................................................ 67 

Table 6: Reaction conditions used when analysing the effect of different conditions on the 

ozonation of Cypermethrin. ................................................................................................... 68 

Table 7: Volumes used to analyse the stoichiometric relationship of the chemical 

contaminants and ozone. ...................................................................................................... 69 

Table 8: Reaction conditions used for the analysis of adsorption rates of the chemical 

contaminants onto different masses of GAC. ........................................................................ 73 

Table 9: Reaction conditions used for each experiment when investigating the ozonation of 

the chemical contaminants in wastewater. ........................................................................... 74 

Table 10: kLa values and CAL* values for each experiment comparing ozone gas 

concentration ......................................................................................................................... 79 

Table 11: Effect of pH on mass transfer parameters CAL* and kLa......................................... 81 

Table 12: comparison of CAL
* and kLa values from the effect of temperature ...................... 82 

Table 13: comparison of CAL
* and kLa values looking at the effect of flow rate .................... 85 

Table 14: comparison of CAL
* and kLa values from different scavengers ............................... 89 

Table 15: temperature effects on rate constants ................................................................ 100 

Table 16: rate constants calculated for the different temperatures used to investigate the 

degradation of DEHP ............................................................................................................ 114 

Table 17: rate constants determined from the different temperatures used to affect the 

rate of degradation .............................................................................................................. 126 

Table 18: values for the rate constant calculated for each mass of GAC ............................ 136 

Table 19: rate constants for the different masses of GAC used. ......................................... 139 

Table 20: rate constants obtained for the kinetics of DEHP sorption onto GAC. ................ 141 

Table 21: Iodine numbers calculated for different GAC samples. ....................................... 143 

Table 22: Results for the characterisation of the wastewater final treated effluent from 

Welsh Water ........................................................................................................................ 146 

Table 23: Summary of results comparing the ozonation of the contaminants in solutions of 

DI water and wastewater effluent ....................................................................................... 155 

Table 24: Summary of results comparing the adsorption in solutions of DI water and 

solutions of final wastewater effluent ................................................................................. 155 

  



13 
 

Table of Equations  

Equation 1 .............................................................................................................................. 50 

Equation 2 .............................................................................................................................. 50 

Equation 3 .............................................................................................................................. 51 

Equation 4 .............................................................................................................................. 51 

Equation 5 .............................................................................................................................. 51 

Equation 6 .............................................................................................................................. 53 

Equation 7 .............................................................................................................................. 53 

Equation 8 .............................................................................................................................. 54 

Equation 9 .............................................................................................................................. 55 

Equation 10 ............................................................................................................................ 55 

Equation 11 ............................................................................................................................ 57 

Equation 12 ............................................................................................................................ 58 

Equation 13 ............................................................................................................................ 59 

Equation 15 ............................................................................................................................ 78 

Equation 16 ............................................................................................................................ 78 

Equation 17 ............................................................................................................................ 87 

Equation 18 ............................................................................................................................ 93 

Equation 19 .......................................................................................................................... 101 

Equation 20 .......................................................................................................................... 108 

Equation 21 .......................................................................................................................... 121 

Equation 22 .......................................................................................................................... 134 

Equation 23 .......................................................................................................................... 135 

 

  



14 
 

Abbreviations  

 

 

AC Activated Carbon 

AOP Advanced Oxidation Processes 

ATP Adenosine triphosphate 

BET Brunauer-Emmett-Teller Theory 

CAL ozone liquid phase concentration 

CO2 Carbon dioxide 

COD Chemical oxygen demand 

CYM Cypermethrin 

DAD Diode array detection 

DEHP Di (2- ethyl hexyl) phthalate 

DI Deionised Water 

EC Emerging Contaminants 

EPA Environmental Protection Agency 

FLD Fluorescence detector 

FLT Fluoranthene 

GAC Granulated Activated Carbon 

H2O2 Hydrogen Peroxide 

HPLC High performance liquid chromatography 

IES-Ps-1 Pseudomonas aeruginosa 

IN Iodine Number  

NTP Normal Temperature and Pressure 

O3 Ozone 

PAH Polycyclic Aromatic Hydrocarbons 

PVC Polyvinyl Chloride 

SDG Sustainable Development Goals 

TOC Total Organic Carbon 

UN United Nations 

UV Ultra Violet 

UV-Vis Ultra Violet - Visible 

 



15 
 

Chapter 1 – Introduction 

 

One of the main concerns regarding wastewater and the health and safety of the human 

population is the occurrence of many newly identified contaminants found within the water. 

These compounds are more commonly referred to as emerging contaminants (Bolong et al., 

2009). Emerging contaminants (ECs) may include pharmaceuticals, hormones, antibiotics, 

and many other categories. They are classified as contaminants due to the adverse health 

effects they are associated with (Tran et al., 2018). The detection of emerging contaminants 

has attracted lots of attention, due to the increased prevalence of them, as well as the 

adverse side effects on both human health and the environment. As these compounds are 

released continuously into the environment, the overall concentration cannot be known 

precisely (Taheran et al., 2018).  

ECs are not completely removed by conventional wastewater treatment processes, meaning 

there is currently high demand around finding solutions to remove ECs from the wastewater. 

Solutions need to be found to reduce the concentrations of these ECs and ensure the 

wastewater is safe for discharge into the receiving environment or reuse once treated 

(Ahmed et al., 2017).  

Amongst the large list of ECs, three organic chemicals of concern to the industrial sponsor 

were investigated in this project: (i) fluoranthene, (ii) di (2- ethyl hexyl) phthalate, and (iii) 

cypermethrin: 

(i) Fluoranthene (FLT) is a polycyclic aromatic hydrocarbon released to the 

environment through combustion of coal and is of concern due to its mutagenic 

and carcinogenic potential. This chemical has been found to have detrimental 

health effects on humans and animals, including kidney and liver damage (Zhang 

et al., 2013). Wastewater treatment plants are a major source of FLT in the 

environment (Edokpayi et al., 2016). Current research highlights a gap in the 

understanding of treatment of this chemical, with the majority of research 

focusing on the removal of fluoranthene instead of the breakdown of the 

structure into safer chemicals. As polycyclic aromatic hydrocarbons are very 

resistant to biodegradation, this process is not favourable. There are also 

problems associated with the standard chemical removal process such as 

coagulation and flocculation, as these processes are not very efficient at 
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fluoranthene removal. There is promise within the ability to break down the 

structure into safer chemicals; using oxidation, which is a process that is less 

intrusive and easier to perform (Hao et al., 2012). Research on the breakdown of 

FLT is scarce, which means that an oxidative technique needs to be developed to 

effectively degrade the chemical within a wastewater solution.  

(ii) Di (2- ethyl hexyl) phthalate (DEHP) is a commonly used plasticiser in interactions 

with poly (vinyl chloride) to make it more malleable. PVC consists of up to 40 % 

di (2- ethyl hexyl) phthalate (Koch et al., 2006). Within this structure, the two 

chemical compounds are not chemically bound, which has benefits as it allows 

the structure to be more malleable, however, it also has negative aspects as the 

matrix of the structure can alter over time. The di (2- ethyl hexyl) phthalate can 

leach out over time, resulting in the chemical entering the environment in many 

unmonitored and unregulated ways (Hammad & Jung, 2008). The fact that the 

compound can enter the environment in different ways, also means that human 

exposure is unregulated, therefore, it can enter the human body through 

inhalation, oral, dermal and intravenous routes (Caldwell, 2012). Within the 

environment and wastewater, di (2- ethyl hexyl) phthalate is commonly found 

within sewage sludge. Due to the structure of the compound, it is very resistant 

to biodegradation, so alternative processes must be found to degrade and 

remove this chemical from the wastewater system. 

(iii) Cypermethrin (CYM) is a synthetic pesticide, commonly used for the control of 

ectoparasites (Velisek et al., 2006). The toxicity of cypermethrin is selective, and 

affects neuronal sodium channels and metabolic degradation (Giray et al., 2001).  

The use of cypermethrin as a pesticide has previously been associated with 

adverse effects to ecosystems. CYM has been seen to cause poisoning in humans 

through inhalation, as well as causing nervous and digestive disorders in cats and 

dogs (Grewal et al., 2010). Due to CYM having low water solubility and being very 

hydrophobic, large quantities of CYM can be found accumulated on the surface 

of soil, therefore resulting in higher concentrations in the water supplies. 

Hydrolysis and photolysis can be used for the degradation of CYM, with the trans 

isomer being hydrolysed faster than the cis isomer (Jones, 1995). It is possible 

that algae can be used for the bioremediation of CYM from within water, 

(Nastuneac et al., 2019), however, this does not destroy the pesticide, merely 
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absorbs it into the algae. Therefore, better techniques are required to degrade 

and destruct the chemical contaminants. (Yilmaz, 2021)  

These emerging contaminants are all currently found within the wastewater cycle, with 

different concentration of the chemicals being found at different stages throughout the 

wastewater treatment process. The concentrations before and after treatment can be 

compared to identify the areas where improvement is still required within the treatment 

process.  

Looking at data obtained for a specific site provided by Welsh Water, the differences in the 

concentration of the chemicals before and after treatment can be compared. Looking at 

fluoranthene, the concentration in the crude sewage was found to be 0.254 µg/L and after 

treatment the concentration in the final effluent had decreased to a concentration of 0.034 

µg/L. The value for the concentration of di (2- ethyl hexyl) phthalate in the crude sewage 

sample was 11.1 µg/L, in comparison to a highest value of 0.96 µg/L after treatment. In crude 

sewage, the concentration of cypermethrin was 0.09793 µg/L, and after treatment this 

concentration decreased to 0.00038 µg/L in the final effluent. This shows that there is a large 

percentage of these contaminants removed in the treatment process. However, there are 

still traces present, therefore, there is still room to improve the treatment process to produce 

safe levels of the contaminants in the final treated effluent.  

The purpose of this research is to investigate the use of ozone and activated carbon as 

advanced oxidation processes to assist in the degradation and removal of these chemical 

contaminants. Ozone is a strong oxidant that been used previously in water disinfection and 

organic pollutant degradation (Liu et al., 2021). It works effectively through the formation of 

hydroxyl radicals which can further increase the oxidation potential. Ozonation is a popular 

oxidation process used for treatment of water contaminants through the decrease in costs 

associated with the process, as well as the environmental advantages that have been shown, 

(Rekhate & Srivastava, 2020). Activated carbon is a common adsorbent for use in the 

treatment of wastewater, due to the high surface area that its porous structure provides 

(Bhatnagar et al., 2013). The adsorption capability can be altered through the 

functionalisation of the carbon, as well as the presence of additional heteroatoms within the 

structure. The activated carbon is very susceptible to pollutants being adsorbed into the 

structure, and therefore these contaminants can be easily extracted from within the 

wastewater (Karnib et al., 2014).  
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Aims and Objectives 

 

• To investigate the degradation of the three ECs using ozonation under different 

operating conditions.  

• To investigate the adsorption properties of the three ECs on granular activated 

carbon.   

• To investigate the degradation and adsorption of the three ECs in multicomponent 

solutions.  

• To investigate whether the defined process is effective in real wastewater samples.  
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Chapter 2 – Literature Review 

 

2.1 - Water crisis 

 

The United Nations (UN) outlined the UN sustainable development goals (SDG) in September 

2015. These goals aimed to eliminate discrimination and inequality, end poverty and 

overcome climate change by 2030. There are 17 goals set out and these include many 

economic and social-developmental concerns such as water and sanitation (Alawneh et al., 

2018). The availability of water is of utmost importance for human existence and well-being, 

meaning that two of the sustainable development goals relate to the availability of water. 

SDG 6 states to ensure availability and sustainable management of water and sanitation for 

all and SDG 14 states the need to conserve and sustainably use the oceans, seas and marine 

resources for sustainable development. Both of these SDGs are targeting explicitly 

sustainable water policies (Tsani et al., 2020). The availability of clean water is a basic human 

right; however, billions of people are denied this across the globe. The rate of water 

consumption is also increasing at a rate of 1 % per year (Arora & Mishra, 2019). 

The reusability of wastewater and the recycling of water has been shown to be crucial in 

finding a  solution for the lack of availability of clean water. However, the contaminants found 

within the wastewater supply can be problematic if not removed effectively, or reduced to a 

safe concentration for human consumption (David et al., 2023). 

 

2.2 - Emerging contaminants 

 

One of the main concerns regarding wastewater and the health and safety of the human 

population is the occurrence of many newly identified contaminants found in water. These 

compounds are more commonly referred to as emerging contaminants (Bolong et al., 2009). 

These contaminants tend to be unregulated as they have not been previously identified 

within the water supply as a point of concern. This means that their effects have not been 

seen or researched thoroughly. The appearance of these emerging contaminants may 

therefore lead to legislative intervention in the future (Petrović et al., 2003).  
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Emerging contaminants may include pharmaceuticals, hormones, antibiotics, and many 

other categories. They are classified as contaminants due to the adverse health effects they 

are associated with (Tran et al., 2018). 

The detection of emerging contaminants has attracted lots of attention, due to their 

increased prevalence, as well as the adverse side effects on both human health and the 

environment. As these compounds are released continuously into the environment, the 

overall concentration cannot be precisely known. However, the release into the environment 

does not need to be continuous to have a severe impact on the environment (Taheran et al., 

2018). Many emerging contaminants have been classified as endocrine disruptors, which are 

difficult to remove within current wastewater treatment plants. Improvements need to be 

made to processes that occur within these wastewater treatment plants to counteract the 

increase of emerging contaminants within the water supply (Rout et al., 2021). 

There are several different processes that have been studied and investigated for the 

removal of emerging contaminants, and some of these are discussed in following sections.  

 

2.3 – Emerging contaminants of interest to this study 

 

There are many chemicals within water that may become a problem in the future with rising 

concentrations and new information about their toxicity. For this research, three main 

chemicals will be focused on, these being fluoranthene, cypermethrin, and di (2- ethyl hexyl) 

phthalate. The concentration of these emerging contaminants is rising in wastewater and so 

there is increased interest for their removal from the water supply.   
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2.3.1 - Fluoranthene 

 

Fluoranthene (FLT) is a member of the polycyclic aromatic hydrocarbons (PAHs), released 

into the environment through the combustion of coal. These compounds are of great 

environmental concern, because of their mutagenic and carcinogenic potential. 

Fluoranthene is commonly found within the sediment, as opposed to water, due to the 

hydrophobicity of PAHs and strong sorption within the environment (Somtrakoon et al., 

2014). The molecular weight of PAHs can vary, as they can have differing numbers of benzene 

rings. The PAHs having a higher molecular weight are very lipophilic and chemically stable. 

The half-lives of these chemicals are very large, meaning the concentration within the 

environment is high. This results in an accumulation of fluoranthene within the environment, 

therefore, the removal and degradation are important to reduce the concentration within 

the environment and various ecosystems (Luo et al., 2014).  

 

 

 

Figure 1: Skeletal structure of fluoranthene 

 

PAHs contain two or more fused benzene rings, which are formed during the incomplete 

combustion of carbon-containing fuels, including coal. Currently, there is little technology 

available for the removal and degradation of fluoranthene, the technologies that are 

available remove the compound as opposed to degrade them (Hao et al., 2012). There are 

many long-term health effects that fluoranthene can cause to humans and animals, some of 

these include cataracts, kidney and liver damage and jaundice (Zhang et al., 2013). PAHs have 

been shown to cause genetic defects and tumours. As FLT can easily penetrate the food 

chain, this may cause further problems including potential carcinogens and other hazardous 

and toxic side effects, harmful to animals and humanity (Rababah & Matsuzawa, 2002).  
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There is currently interest in the removal and degradation of fluoranthene and other PAHs, 

due to their strong toxicity, persistence, and accumulation within ecosystems. Fluoranthene 

is bio accumulative and persistent to avoid microbial degradation, the compound is also one 

of the 16 priority PAHs that have been set out by the United States – Environmental 

Protection Agency (Kahla et al., 2021). Due to the poor solubility of fluoranthene within 

water, there are high concentrations found within soil and bottom sediments. This means 

that removal and degradation techniques are not aggressive enough to combat the high 

concentrations within the sediment and soil (Małachowska-Jutsz & Niesler, 2015).  

Technology involving microorganisms to remove PAH via biosorption, and biotransformation 

have been proposed. Microalgae can be used to remove some toxic organic pollutants by 

autotrophic growth (Lei et al., 2007). Different ways for the removal and degradation of PAHs 

have been developed, however, some result in more toxic by-products, leading to further 

ecological imbalance and negatively affecting human health. Many of these processes incur 

additional costs, long operating hours and complicated procedures, making these techniques 

unfavourable (C. Li et al., 2022). There is a type of bacteria that can degrade some PAHs, 

including fluoranthene, to produce carbon dioxide and metabolic intermediates. However, 

little research has been carried out in this area, and the metabolic intermediates produced 

could be equally as or more hazardous to the environment, meaning that this is not a popular 

technique due to the lack of understanding (Giraud et al., 2001).  

Bioremediation is a technique that has the advantages of being both environmentally friendly 

and cost effective. This includes the use of earthworms for fluoranthene removal. However, 

this method is hindered by the low bioavailability of PAHs and their biotoxicity. These 

chemicals are toxic to earthworms which is a negative aspect of this process (Shi et al., 2020). 

As PAHs tend to be resistant to biodegradation, as well as the traditional physical methods, 

such as coagulation and flocculation not being very efficient for removal, more chemical 

processes need to be determined. Sorption is one of the most effective processes for 

fluoranthene removal, as well as the removal of many persistent organic contaminants. 

Activated carbon has shown to be beneficial for this purpose, with a high surface area to 

maximise adsorption (Nkansah et al., 2012). Many adsorbents that can be used to assist in 

the removal and degradation of fluoranthene are costly and synthetic, providing their own 

problems.  
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2.3.2 – Di (2-ethyl hexyl) phthalate 

 

Di (2- ethyl hexyl) phthalate (DEHP) is a polluting phthalate that occurs at high concentrations 

in the aquatic environment. Phthalates have many uses, including plasticisers, solvents, toys 

and cosmetics. Due to the number of uses, the evidence of phthalates within the 

environment is high, meaning the safety regarding these chemicals is being questioned 

(Bodzek et al., 2004). To show the extent of the use of DEHP, around 2 million tonnes of DEHP 

are produced each year worldwide (Koch et al., 2003). 

DEHP is a commonly used plasticiser to interact with poly (vinyl chloride) (PVC) to render it 

malleable. PVC consists of up to 40 % DEHP (Koch et al., 2006). The process of plasticisation 

occurs through the interactions of the plasticiser with the polymer, there is no chemical 

combination between the two compounds. DEHP is highly hydrophobic so does not produce 

covalent bonds with PVC (F. Li et al., 2022). The plasticiser is much smaller than the polymer 

used. DEHP contains polar carbonyl groups, these moieties interact with the polar chloride 

bonds that are within the chain in PVC, ensuring that these two compounds are compatible. 

However, this is contradicted by the nonpolar functionalities of DEHP, leaving the structure 

to be ductile and malleable (Erythropel et al., 2014). As they are not chemically bonded to 

each other, it means that the polymer matrix can alter over time, and the DEHP can leach out 

into the surrounding medium. This causes more hazards, as the DEHP can enter the 

environment in an unmonitored way (Hammad & Jung, 2008). As DEHP can enter the 

environment in many ways, human exposure can also occur in a variety of pathways, 

including, but not limited to, inhalation, oral, dermal, and intravenous routes (Caldwell, 

2012). When the exposure is from a medical route, the levels can be very high.  
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Figure 2: Skeletal structure of di (2- ethyl hexyl) phthalate 

 

The combination of PVC and DEHP is commonly found within the medical industry, as the 

plastic structure formed has considerable benefits, including flexibility, strength, low cost, 

and resistance to kinking (Tickner et al., 2001).  

The environmental concerns around DEHP arise from its ability to act as an endocrine 

disruptor, since the chemical has effects similar to that of the hormone oestrogen (Manikkam 

et al., 2013). The DEHP can bind to hormone receptors resulting in side effects, including a 

reduction in immunity and endocrine disorders. This can lead to health effects including 

reproductive issues (Zhang et al., 2023). DEHP interferes with hormone production, meaning 

that certain hormones are either produced in too large or too low a quantity. In terms of 

oestrogen, the levels within the body are very important, especially during pregnancy, and 

even minute changes in the concentration could have drastically negative effects. Endocrine 

disrupting chemicals can be transferred through the placenta to the foetus and to a baby 

through breast milk (Ason et al., 2022). DEHP can alter the production of testosterone within 

the body, and within a male foetus this has very negative effects. These can include 

malformations in the external genitalia, as well as decreased sperm production throughout 

life (Beckera et al., 2004). Side effects of increased exposure can also include reduced foetal 

survival (Manikkam et al., 2013). 

The largest release of DEHP to the environment comes from poorly managed industrial 

waste, meaning that chemical contamination is becoming a major problem in industrial 

regions. Amongst the largest industrial contributors are agricultural and textile industries 

(Daiem et al., 2012).  
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As DEHP is not chemically bound to its polymers, it leaches out in contact with water, but as 

it also highly hydrophobic, DEHP can normally be found within sewage sludge. The DEHP 

currently within treatment plants is not found in high concentrations within the water as it 

adsorbs into the sludge produced within the treatment process. Common end destinations 

for sewage sludge are energy production, agricultural use, and landfill (Marttinen et al., 

2004). Biodegradation has been trialled for use in the treatment of DEHP, however, due to 

the structure of DEHP and its long side chains, it is very stable making it more resistant to 

biodegradation processes. These processes are also very time consuming (Chen et al., 2009). 

Nanofiltration has some positives for the possibility of its use for DEHP removal, including, 

lower energy consumption, however, nanofiltration does not work very effectively for 

molecules of a high molecular weight (Wei et al., 2016).  

The most promising technique for DEHP degradation and removal appears to be the use of 

advanced oxidation processes. There are many different approaches within this branch of 

techniques which will be discussed in later sections. The main downside of these techniques 

is the potential higher cost.  

 

2.3.3 - Cypermethrin 

 

Across the world there are many new chemicals that have been synthesised and are being 

used as pesticides. Pesticides are used for a wide variety of industries; including, but not 

limited to, agricultural, livestock and households (Ullah et al., 2018). Synthetic pesticides are 

very potent, and these equate to over 30 % of global pesticide and insecticide use (Shukla et 

al., 2002).  

Cypermethrin (CYM) is an example of a synthetic pesticide that is based on pyrethroids and 

is one of the most effective of this family. Cypermethrin is commonly used for the control of 

ectoparasites. These parasites commonly infect livestock such as cattle, sheep and poultry 

(Velisek et al., 2006). The toxicity of cypermethrin is selective, and effects neuronal sodium 

channels and metabolic degradation. Pyrethroids are more hydrophobic than many other 

classes of insecticides (Giray et al., 2001).  Cypermethrin is a complex structure, which can be 

seen below in Figure 3.  
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Figure 3: Skeletal structure of cypermethrin  

 

The use of cypermethrin (CYM) as a pesticide has already been associated with adverse 

effects to ecosystems. CYM has been seen to cause poisoning in humans through inhalation, 

as well as causing nervous and digestive disorders in cats and dogs (Grewal et al., 2010). CYM 

can cause a variety of toxic effects in mammals, including lack of coordination, increased 

salivation, muscle tremors and tonic-clonic convulsions (Elbetieha et al., 2001). CYM is very 

lipophilic, therefore has a high rate of gill absorption when in water. This means that fish are 

at a higher risk of CYM poisoning than some other aquatic life. The effects on fish have not 

been fully investigated, due to the differing impacts on different species of fish, however 

CYM is known to be toxic to aquatic life (Saha & Kaviraj, 2008).  

Cypermethrin is classified as a stomach poison as well as a contact insecticide. This results in 

unwanted side effects within the body, including inhibiting the production of ATPase 

enzymes which regulate the movement of ions against concentration gradients (Yousef et al., 

2003). There are many medical cases associated to the use and presence of pesticides, and 

approximately 87,000 cancer cases occur annually that can be associated with the use of 

pesticides in developing countries (Kanyika-Mbewe et al., 2020).  

Within solutions of cypermethrin, the compound exists as both the cis and trans isomers. The 

cis isomers are more active than the trans isomers which represents the highest concern. 

Due to CYM having low water solubility, and being very hydrophobic, large quantities of CYM 

can be found accumulated on the soil surface and therefore high concentrations can be seen. 

Hydrolysis and photolysis can be used for the degradation of CYM, with the trans isomer 

being hydrolysed faster than the cis isomer (Jones, 1995). 
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Due to the prevalence of CYM within the environment, there are novel techniques under 

investigation for the removal of CYM from areas of high concentration. One such technique 

is the use of different materials for adsorption. The use of natural materials for this is 

preferable due to their renewable nature, as well as the low costs associated with them. 

Different algae have been investigated for their use in the removal of CYM (Nastuneac et al., 

2019). Algae are promising for use in water decontamination since they can act as 

environmental indicators of contamination. It is possible that algae can be used for the 

bioremediation of CYM from within water, however, this does not destroy the pesticide, 

merely absorbs it into the algae. Therefore, more preferable techniques are required to 

result in the degradation and destruction of CYM (Yilmaz & Tas, 2021).  

A selection of techniques involving advanced oxidation processes have been investigated. 

These include, for example photocatalysis with titanium dioxide (Affam & Chaudhuri, 2013). 

The combination of titanium dioxide assisted photocatalysis and ozonation, has potential for 

the degradation of many pollutants including CYM. Ozone has been reported to reduce the 

concentration of CYM on contaminated surfaces, however, was proven to be more effective 

when combined with another technique, for example, the use of UV (Lin et al., 2012). Many 

pesticides have been shown to have varying levels of degradation when exposed to ozone. 

(Wu et al., 2007).  

 

2.4 - Advanced oxidation processes and alternative processes 

 

The removal of emerging contaminants by conventional processes, for example biological 

treatments, are often very limited, due to many of these chemicals having lower solubility, 

being unreactive or resistant to certain treatments or too persistent within the wastewater 

to react to any treatment. Thus leading to inefficient removal from the sample (Borikar et al., 

2015). In some cases, the treatment does not dispose of the emerging contaminants, merely 

takes them from one place to another, for example when using algae, and the problem 

remains of how to remove the contaminants.  
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There are also other reasons as to why different techniques for contaminant removal are 

required. In the past, chemical and biological approaches have been used to remove 

emerging contaminants from within the wastewater. However, due to high operational costs 

and low efficiency of these techniques, advanced oxidation processes are gaining interest to 

either replace or use in combination with.  

The following sections will discuss typical processes commonly used to address emerging 

contaminants in water.  

 

2.4.1 – Coagulation and flocculation  

 

Coagulation and flocculation are two chemical processes that can assist in the treatment of 

wastewater. Coagulation and flocculation occur successively to one another, allowing 

particle collision and growth of floc. Particles that are suspended within water tend to have 

a negative charge, which means when these particles within water are too close to each 

other, they repel. Within a sample of water, the solid within it will not clump together and 

settle until coagulation and flocculation occur (Prakash et al., 2014). The combination of 

coagulation and flocculation have been shown to work effectively for contaminant removal. 

This can be seen through the use of these processes for microplastic removal from 

wastewater (Lapointe et al., 2020). The schematic shown in Figure 4 depicts a simplistic 

process of coagulation and flocculation of colloids in a solution.  

 

Figure 4: schematic of the process of coagulation and flocculation 



29 
 

Different types of coagulants can be used for the coagulation of different contaminants 

within the wastewater, and this will depend on certain criteria for the contaminant’s 

removal. These coagulants can be inorganic, synthetic polymers or biological coagulants 

(Muruganandam et al., 2017). Many factors can affect the efficiency of the process,  including 

pH, coagulant type, and effluent quality. These factors can be difficult to control, meaning 

that the process of coagulation and flocculation is not always efficient (Saritha et al., 2017). 

Due to the volumes of chemicals required to appropriately separate the contaminants from 

the water, high operating costs tend to be associated with this process, as well as a difficult 

disposal route for the toxic sludge generated, generating further cost. New processes are 

being investigated appear to be more favourable at disposing of the organic contaminants 

found within wastewater (Iwuozor, 2019). 

When looking at the use of coagulation and flocculation for the removal of emerging 

contaminants, there is little research to support the use of these techniques. The processes 

are found to be ineffective in the removal of emerging contaminants within wastewater 

treatments plants, as they predominantly are able to remove suspended solids within the 

solution. The only way that emerging contaminants can be removed through these 

techniques would be the adsorption of the contaminants onto pre prepared flocs within the 

solution (Shahid et al., 2021).  

 

2.4.2 - Biological 

 

The process bioremediation is a popular technique for the removal of chemicals that are of 

environmental and human concern. The ability to effectively remove the chemicals of 

concern depends on the ecosystem as an entirety (Fester et al., 2014). Aerobic respiration 

has been used to assist with the degradation of organic pollutants, although, for some 

organic contaminants, anaerobic respiration through biological processes has shown promise 

(Ghattas et al., 2017). Biodegradation has great potential for use to reduce levels of 

pollutants within wastewater at low costs, as well as the potential for full degradation of the 

pollutants. Biodegradation involves the use of microorganisms to facilitate the degradation 

of emerging organic contaminants within water and sediment (Tran et al., 2013). The 

schematic shown in Figure 5 shows a simplistic process of biodegradation.  
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Figure 5: Schematic showing the process of biological degradation 

 

One of the main challenges for biodegradation is the low availability of the contaminants 

within the samples. The concentration of the contaminants needs to be at a certain level for 

the biodegradation via microorganisms to occur. Therefore, this is not always an appropriate 

technique to utilise to decrease the concentration of organic contaminants within the 

wastewater and sediment (Cébron et al., 2013). When the process of biodegradation is taking 

place, the conditions must be favourable to allow biodegradation to occur effectively, this 

includes oxygen and nutrient availability, as well as pH and temperature (Hickman & Reid, 

2008). 

PAHs are resistant to biological and environmental degradation, this is due to the low 

solubility these molecules possess (Lutsinge & Chirwa, 2018). This means that chemical 

processes tend to be more favourable for the removal of FLT, as biological degradation 

cannot occur if the compound is not dissolved within the ecosystem.  

DEHP has been found to have removal rates during specific sections of the treatment plant. 

This degradation mainly occurs in the activated sludge treatment, where DEHP has been 

adsorbed into the sludge before it undergoes treatment. An example of this treatment is the 

combination of primary sedimentation followed by aerobic biological treatment. In a study, 

it was found that this process removed 29 % of DEHP from the wastewater (Marttinen et al., 

2003). There is also potential for the removal of DEHP in composting, combined with the 

aeration of the sludge from wastewater. In the process of aeration of the wastewater, 

biodegradable material becomes oxidised (Marttinen et al., 2004). 
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CYM can also be degraded through the activated sludge treatment pathway, however, for 

degradation of CYM to occur, Pseudomonas aeruginosa (IES-Ps-1) is required within the 

solution. IES-Ps-1 is a toxic organic compound degrader that can be used in many treatments, 

for many chemicals (Hasan & Jabeen, 2015). When IES-Ps-1 was added to the activated 

sludge, efficient degradation of CYM was seen at a degradation rate of 82 %, at 

concentrations of 40 mg/L (Jilani & Khan, 2006). Once optimising the reaction conditions, IES-

Ps-1 assisted in the degradation of cypermethrin within activated sludge treatment 

processes. Without IES-Ps-1, there would be no biological degradation of CYM within the 

wastewater treatment process (Jilani, 2013).  

 

2.4.3 – Ozone  

 

Ozone (O3) is a strong oxidant which has many uses, including water disinfection and organic 

pollutant degradation. Ozone can be used for organic pollutant degradation through the 

formation of hydroxyl radicals from ozone decomposition (Liu et al., 2021). Ozone can oxidise 

organics with moieties that are electron rich, this means that specific organics can be 

eliminated by direct ozonation. Other organic compounds that are lower in ozone reactivity 

cannot be oxidised by ozone alone, and instead can be oxidised by hydroxyl radicals which 

are produced from ozone decomposition (Wang et al., 2018). 

Ozone is produced through passing a stream of air or oxygen through a high voltage discharge 

system. This system will convert the oxygen into ozone, which can then be used for the water 

treatment. The main problem associated with O3 production is the high energy consumption 

required, which makes the process less favourable. However, when combined with other 

AOPs, the energy requirement for ozonation can be reduced (Presumido et al., 2022). The 

ozone technology has evolved in the past decade and highly efficient ozone generators are 

available on a large scale. Therefore, ozone has become an increasingly popular AOP in recent 

years, due partly to decreasing costs, as well as the environmental advantages it offers over 

many other accepted techniques (Rekhate & Srivastava, 2020). 

The ozone reactions can proceed through two different routes of oxidation; (i) direct 

ozonation, where the oxidation occurs from just the ozone, and (ii) indirect ozonation, where 

the oxidation occurs from reactive radicals generated as a result of ozone decomposition. 

These are further discussed below.  
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2.4.3.1 - Direct ozonation 

 

Ozone acts as a selective electrophile and reacts very quickly with certain organic groups, for 

example, amines and phenols (Snyder et al., 2006). 

Although the ozonation of organic contaminants appear promising, the direct ozonation can 

result in the formation of oxidative by-products, where there is a chance that these by-

products could be more toxic than the original compound. The complete degradation of 

certain organic compounds by this method is limited (Almomani et al., 2016). 

For the reaction of compounds with ozone via direct ozonation, the mechanism quite simply 

involves adding ozone to the compound requiring oxidation. The mechanism is shown below 

in Figure 6 (Drozdova et al., 2014).  

 

 

 

Figure 6: Mechanism for the oxidation of a compound by direct ozonation, where M presents 

a compound, and Moxid is the compound oxidised.  

 

Direct ozonation is the most important path of oxidation in wastewater, especially when the 

production of hydroxyl radicals is inhibited, due to a lack of initiating compounds to begin 

the chain reaction process. Direct ozonation can also be preferable when there are too many 

hydroxyl radicals in the solution. There are many compounds that have been found to directly 

degrade with ozone, and these include pesticides, taste and odour compounds and phenolic 

compounds (Avery et al.).  
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2.4.3.2 - Indirect ozonation 

 

Ozonation normally occurs through direct ozonation and the reactions of molecular ozone. 

However, occasionally indirect ozonation is preferable. This is due to the hydroxyl radicals 

not reacting selectively and not targeting specific bonds within a molecule (Benitez et al., 

2013). Hydroxyl radicals are species with a very small half-life that have a very high oxidation 

potential, therefore they are favourable in the oxidation processes used for wastewater 

treatment. Hydroxyl radicals react unselectively with both organic and inorganic materials 

present within water (Beltrán & Rey, 2018). Ozone decomposition forms hydroxyl radicals or 

other molecules that are in an excited state, making them more reactive. These molecules 

can then react with each other and other molecules and act as oxidants within the solution 

(Ibáñez et al., 2013). 

There are many techniques that can be used to generate hydroxyl radicals, some of these 

include the following; (i) chemical oxidation process in homogenous phase, (ii) photocatalytic 

processes in homogenous or heterogenous phases, (iii) sonochemical processes and (iv) 

electrochemical processes (Cretin & Huong, 2015).   

(i) Reactions for the oxidative generation of radicals, for example the Fenton 

reaction, which is further discussed later in this literature review, are an 

important source of hydroxyl radicals. An example of a chemical oxidative 

reaction for production of hydroxyl radicals is shown below in Figure 7. The 

oxidative power of radicals can be preferable in pollutant and wastewater 

treatment processes (Lyngsie et al., 2018).  

 

 

Figure 7: Chemical equation to show the generation of hydroxyl radicals from a chemical 

oxidation process 
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(ii) Photocatalysis is a popular technique that can be used for the decomposition of 

harmful pollutants in water. The photocatalytic activity can correlate to the 

production of hydroxyl radicals. This is because the radicals generated at the 

photocatalyst surface can diffuse into the solution, increasing the oxidative 

potential in the solution. The process of generating hydroxyl radicals at the 

surface of photocatalysts can be seen below in Figure 8 (Nosaka & Nosaka, 2016).  

 

Figure 8: Diagram to show the generation of hydroxyl radicals from a photocatalytic process, 

figure generated from (Nosaka & Nosaka, 2016), where S is a substrate molecule.  

 

(iii) A sonochemical process involves reactions that occur because of the application 

of powerful ultrasound radiation (Savun-Hekimoglu, 2020). The sonochemical 

process for pollutant degradation relies on the generation of radicals that are 

generated in violent cavitation events. The hydroxyl radical reactions can occur 

at the bubble-liquid interface, as well as in the liquid itself. The high 

temperatures generated by a collapsing bubble also contributes to the 

generation of radicals. The chemical reactions within sonochemical processes 

leading to the generation of hydroxyl radicals can be seen in Figure 9 

(Ziembowicz et al., 2017).   
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Figure 9: Diagram to show the generation of hydroxyl radicals from a sonochemical process, 

figure generated from (Ziembowicz et al., 2017) 

 

(iv) The electrochemical process of generating hydroxyl radicals is sometimes more 

preferable, as it counteracts the costs and complexity associated with several of 

the reactions used. For example, an electro-Fenton reaction has been developed 

which involves the generation of hydroxyl radicals through the Fenton reaction 

at the surface of an electrode. The mechanism for this reaction can be seen in 

Figure 10. The addition of the electrode enables reactions to occur at more 

specific times and eliminates the opportunity for any direct oxidation to occur 

(Monroe & Heien, 2013).   

 

The mechanism to produce hydroxyl radicals from ozone can be seen in Figure 10. The 

production of hydroxyl radicals occurs through a three-step reaction including the initiation 

reaction, when a negatively charged hydroxyl ion is generated, followed by a series of chain 

reactions producing HO3 radicals and HO4 radicals. Finally, there is a termination reaction, 

where the hydroxyl radicals are produced (Drozdova et al., 2014).  
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Figure 10: Mechanism for the production of hydroxyl radicals from ozone, where MP is a 

product 

 

The use of hydroxyl radicals in wastewater treatment can be favourable. However, this does 

depend on which mechanism the oxidation of the compound of interest will occur. This could 

be either direct ozonation with molecular ozone, or indirect ozonation with hydroxyl radicals.  

To increase the amount of hydroxyl radicals within the solution, activated carbon has been 

shown to provide many benefits, acting as both an adsorbent and as a catalyst. The pyrrol 

groups found on the carbon surface are able to interact with the ozone to increase the 

number of hydroxyl radicals produced, making the ozonation process more efficient (Liu et 

al., 2016; Sanchez-Polo et al., 2005). 

The two processes of ozonation are effective in different ways, depending on the molecules 

being ozonated. To investigate the effect of both indirect and direct ozonation, radical 

scavengers can be used to compare the rates of oxidation.  
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2.4.3.3 – Radical scavengers 

 

Through the oxidation reaction of ozone, reactive oxygen species are generated. These 

species are commonly O2, H2O2, O2
-•, OH• (Das & Roychoudhury, 2014). There are a variety 

of chemicals that can be used as reactive oxygen species scavengers, an example of this is 

tert-butanol, which can quench the amount of reactive oxygen species formed in the 

ozonation system (Guo et al., 2021). Carbon nanotubes have ability to react with free 

radicals, most commonly through electron transfer processes and adduct formation. Carbon 

nanotubes can be used as a scavenger to capture radicals, which would decrease the 

oxidising potential of the mixture (Galano, 2008).  

The process of radical scavenging involves the reaction of free radicals with non-target 

chemical species. These radical scavengers can either be soluble and react within the 

aqueous phase, or solid and react on the surface of the solid phase (Crincoli & Huling, 2020).   

There are radical scavengers present within wastewater. These scavengers have some 

beneficial properties within the wastewater treatment process, for example, within the 

treatment of landfill leach solution and solutions of high pH. In these scenarios, a lower 

concentration of hydroxyl radicals would be favourable, allowing oxidation to occur more 

effectively with molecular ozone (Kishimoto, 2007).  

 

2.4.3.4 – By-products 

 

When degrading organic contaminants in wastewater by processes such as ozonation, 

potentially toxic oxidative products can be formed when the pollutants within the water are 

not completely degraded or decomposed. These by-products could become a problem within 

the environment. Therefore, it is important to have an understanding of the oxidation of each 

chemical pollutant and the different by-products formed (Tay et al., 2013). The by-products 

formed from ozonation tend to be organic, such as carbonyl compounds, or inorganic, like 

bromate (Papageorgiou et al., 2017). Using ozonation as an oxidation process removes the 

generation of chlorination by-products which were present from the previous accepted 

technologies used for organic pollutant removal discussed in the following sections 

(Papageorgiou et al., 2014). 

 



38 
 

It is important to understand the mechanisms of reaction, to be able to identify potential 

ozonation transformation products. This will give a better understanding of the type of by-

products to expect; their toxicity and the most successful way to then remove them from the 

wastewater. The majority of the by-products occurring are formed from the indirect 

ozonation, as opposed to the direct reaction (Schollée et al., 2018). 

One of the most significant by-products of ozonation is bromate, resulting from the reaction 

of ozone with bromide in water.  

Bromide is a chemical that is present within all water sources and samples at varying 

concentrations. Although concentrations are low within water sources, the concentration 

can increase through the treatment of water samples (Ruffino et al., 2020). The presence of 

bromide within wastewater samples is a concern, due to the ability of bromide to be oxidised 

to become bromate, a toxic ion. This process occurs rapidly with the ozonation of water 

(Gounden & Jonnalagadda, 2019). As bromate is the main by-product associated with the 

ozonation of wastewater, the concentration within the wastewater samples should be 

monitored. The presence of bromate ions can also react with organic matter within the water 

sample to form total organic bromine, which is of an even higher toxicity (Liu et al., 2022). 

The level of bromate ions formed through the ozonation process can vary depending on 

ozone dosage, as well as water pH (Tawabini & Zubair, 2011). 

One way to monitor the levels of bromate ions within the water samples could be the use of 

ultraviolet radiation, which, over time, would break down the bromate ions into bromine 

atoms and oxygen (Zhao et al., 2013). The use of a pre-ozonation treatment process to the 

water samples being treated could have a positive impact on the bromate generation, 

meaning that the concentration of bromate ions in the final effluent would be significantly 

decreased (Selcuk et al., 2005). 

  



39 
 

2.4.3.5 - Ozone toxicology  

 

Ozone is a relatively insoluble gas. Humans exposed to acute amounts, can experience 

pulmonary function decrements, as well as acute tissue damage within the lung and trachea. 

When ozone is inhaled, it proceeds to a deeper airway with higher inhalation rates, this 

means that when exposed to higher doses of ozone, there is an increased risk of tissue 

damage to the respiratory system (Mautz, 2003). Ozone is a secondary air pollutant, naturally 

formed in the troposphere from primary pollutants (Bromberga & Korenb, 1995). Ozone can 

decompose once it has entered the body and can be dangerous at high concentrations due 

to its toxicity (Batakliev et al., 2014).  

 

2.4.3.6 - Ozone mass transfer 

 

Although ozone is significantly more soluble in water than oxygen itself, the solubility it 

presents is still poor, it has limited equilibrium concentrations, as well as a low mass transfer 

efficiency (Wang et al., 2021). To increase the amount of ozone dissolved within wastewater, 

different techniques can be used. These include good gas dispersion, large interfacial area 

and an increased contact time (Biń et al., 2001). The most common apparatus used to 

increase the dispersion of ozone throughout the water sample are diffusers, static mixers, or 

injectors (Bin & Roustan, 2000). A high mass transfer coefficient of ozone would be 

preferable, showing more ozone is dissolved within the water. This can also be affected by 

the operating conditions, including water quality and facility setup. Therefore, the optimal 

conditions of operation need to be considered to maximise ozone presence within the 

reaction mixture (Zhou & Smith, 2000). 
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2.4.3.7 - Bubble coalescence 

 

When bubbling a gas, for example ozone, through a liquid, the reaction rate can depend on 

the size of the bubbles themselves. To increase the rate of reaction, a smaller bubble would 

be preferable. This is because more smaller bubbles would increase the surface area per unit 

volume, increasing the likelihood of an interaction between the contaminants and the ozone 

(Oliveira et al., 2019). During the process of coalescence, when two or more bubbles or 

droplets collide, they will merge into one, meaning the bubbles have increased in size, but 

overall, the surface area has decreased (Anthony et al., 2017). Electrolytes can be added into 

the solution to reduce coalescence of the bubbles. Coalescence tends to occur very easily in 

pure water, however, the higher the concentration of electrolytes or other alternative 

preventative techniques present, the amount of bubble coalescence occurring greatly 

decreases due to differing surface tensions being present (Christenson et al., 2008). 

Alternatively, another way to minimise the coalescence, is to reduce the flow rate of gas 

through the liquid sample.  

 

2.4.3.9 - Surface tension  

 

When ozone is applied to reaction systems, the surface tension during treatment can be 

changed, this would have an impact on the reaction schemes, due to the change to the 

property of the water (Luo & Wong, 2001).  
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Surface tension is a property of water that occurs between the bulk of the solution and the 

surfactant layer of the solution, it is a property of water that allows an object with a higher 

density than water to float. The reason that this can occur is because of adsorption of 

hydroxide ions at the interface between the surfactant layer (if present) and the bulk of the 

liquid (Beattie et al., 2014). When water is investigated, the surface tension alters depending 

on the level of treatment, as chemicals within the wastewater sample can affect the 

relationship between the bulk of the liquid and the surfactant layer (Amiri & Dadkhah, 2006). 

When comparing the surface tension of a liquid, the numerical value would always be 

positive. This is because the particles in the surfactant layer have fewer van der Waals 

interactions between adjacent molecules, as opposed to the molecules that are within the 

bulk of the solution (Hauner et al., 2017). These cohesive forces between the molecules 

within the solution are an essential component of surface tension, and a diagram showing 

this is shown in Figure 11.  

 

Figure 11: A schematic showing the cohesive factors between molecules in a liquid. 

 

Surface tension can be altered through wetting. This is the spread of a liquid over a surface 

so that the surfactant layer is larger, and the bulk is smaller. This increases the contact area 

of the liquid and the solid support, which can affect the reaction rate (Luo & Wong, 2001). 

Surface tension can also be affected by the volume of bubbles produced within the reaction, 

or the addition of a solid into the reaction mixture that will increase the amount of water 

that is in the surfactant layer, therefore increasing the rate of reaction and efficiency of the 

reaction scheme (George et al., 2017).  
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2.4.3.10 - Effects of pH and temperature on ozonation 

 

The pH of the solution can have an effect on the adsorption and oxidising potential of ozone. 

If the pH is decreased, then the abundance of hydroxyl radicals is inhibited, meaning 

oxidation via hydroxyl radicals and therefore indirect oxidation cannot occur effectively 

(Kishimoto & Nakamura, 2011). Hydroxyl radicals tend to be prevalent at pH levels above 7 

or 8. So therefore, if oxidation via ozone is only to occur via direct ozonation processes, a 

lower pH level would be preferable (Adams & Gorg, 2002). When ozonating water, the effect 

of temperature can be seen through the generation of bromoform. The higher the 

temperature, the higher the formation of bromoform (Zhang et al., 2005). Effect of 

temperature can also be seen through ozonation decay. The decay rate of ozone tends to 

increase with an increase of temperature (Jung et al., 2017). 

2.4.4  - Ozonation of the emerging contaminants  

 

2.4.4.1 - Fluoranthene ozonation 

 

The fluoranthene within the wastewater industry can be found concentrated within the soil 

sediment. Ozone has been found to be a promising technique for the treatment of the 

fluoranthene within this sedimentation. The efficiency of treating the soil sediment with 

ozone has been investigated, but, while being an effective form of treatment, the process is 

reliant on a number of variables. These include the ozone dose, flow rate and contact time 

(Rivas et al., 2009). A study showed following 2 hours of ozonation to a soil sediment 

contaminated with fluoranthene, there was a 50 – 100 % removal of fluoranthene in a variety 

of soil and liquid phases (Zeng & Hong, 2002).   

 

2.4.4.2 - Di (2- ethyl hexyl) phthalate ozonation  

 

The ozonation of DEHP has been investigated within wastewater. The removal of DEHP in 

solution using ozone was found to have a removal efficiency of 50 % in comparison to a 43 % 

removal efficiency found through the use of UV radiation (Zarean et al., 2015). Ozone 

molecules are able to oxidise DEHP and the ozone dosage has been shown to have an effect 



43 
 

on the efficiency of the degradation of the DEHP compounds in water via ozonation (Zarean 

et al., 2017).   

 

2.4.4.3 - Cypermethrin ozonation  

 

Studies have researched the use of ozonated water to remove the pesticide cypermethrin 

from the surfaces of vegetables. A study has shown ozonated water at a concentration of 1.4 

mg/L was effective at removing 60 – 99 % of CYM at a concentration of 0.1 mg/L (Wu et al., 

2007). Whilst some conditions would have an effect on the suitability and efficiency of ozone 

to remove CYM, pH has been shown to not have an effect on the removal rate (Lin et al., 

2012). The effectiveness of CYM removal via ozonated water being found to be highly 

dependable on the dissolved ozone levels in the solution, with the removal of CYM in water 

being shown to again be > 60 % at 0.4 ppm (Al-Dabbas et al., 2018). 

 

2.4.5 - Hybrid processes 

 

When combining a variety of different oxidants, an advanced oxidation process (AOP) can 

increase the oxidative capacity. This could be because of an increase in reactive oxygen 

species being produced or certain reactions occurring along individual processes that have a 

positive effect on the reaction scheme (Dewil et al., 2017).  

Some examples of hybrid processes include: 

- UV / H2O2 

- Ozone / H2O2 

- Ozone / UV 

- Ozone / Activated Carbon  
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2.4.5.1 - UV/H2O2  

 

Hydrogen peroxide can be photolysed at wavelengths of 200 nm to 300 nm. The formation 

of the hydroxyl radicals occurs from the homolytic fission of the O – O bond. It has been 

found in reactions with UV/H2O2, generation of free radicals occur faster at alkaline pH, 

strong concentrations of hydrogen peroxide are also required for the efficient degradation 

(Kurian, 2021). 

UV/H2O2 is an advanced oxidation process that has potential for treatment processes. 

Existing studies show the degradation of some pesticides by this combined advanced 

oxidation process, as well as the use of this combination for disinfectant (Chelme-Ayala et 

al., 2010). UV/H2O2 works to remove organic pollutants by UV photolysis and the reaction of 

hydroxyl radical reactions. As an AOP, UV/H2O2 could completely mineralise the organic 

matter into CO2. This reduces the amount of organic matter within the water, in turn, 

resulting in less chemically contaminated water (Toor & Mohseni, 2007). However, in water, 

there are other contaminants that can compete with the photons and radicals, to interfere 

with the desired reaction (Yao et al., 2013).  

The combination of UV/H2O2 as an advanced oxidation process can degrade certain 

compounds that would not be degraded by UV alone. The compounds contain electron 

withdrawing groups that have an effect on the oxidation processes. These groups, such as 

halogens, reduce the rate constants below the diffusion limit, which in turn decreases the 

use of UV/H2O2 as an oxidative process.  

 

2.4.5.2 - Ozone/H2O2 

 

Hydrogen peroxide in reactions coupled with ozone works by accelerating the decomposition 

of ozone, increasing the hydroxyl radical generation. This occurs through the reaction shown 

in Figure 12 (Bermúdez et al., 2021).  

 

 

 

 

2 O3 + H2O2 → 2 OH • + 3 O2 

Figure 12: Equation showing the degradation of ozone with hydrogen peroxide to produce hydroxyl 
radicals 
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The direct mineralisation of the contaminants does not occur, instead resulting in the 

oxidation of organic contaminants. This can affect the number of hydroxyl radicals able to 

oxidise the organic contaminants of interest (Covinich et al., 2014). When using H2O2 as an 

oxidising agent, it is sometimes low and ineffective. When combined with another oxidation 

process, for example ozone, the increase in productivity can be seen. A further problem seen 

when working as an individual oxidiser is that high dosages are required, which can be 

expensive (Rostam & Taghizadeh, 2020).  

 

2.4.5.3 - Ozone/UV 

 

Ultraviolet radiation works as an advanced oxidation process in multiple ways. This can 

involve the immediate absorption of light by chemicals, which can break the chemical bonds 

and the overall contaminant. Some compounds do not degrade this easily with UV radiation, 

therefore, additional additives are required in the solution (Rosenfeldt et al., 2006). This 

process again works effectively by exploiting the production of hydroxyl radicals and the 

reactivity these radicals have in the oxidation process. Ozone can produce hydroxyl radicals 

effectively when absorbing UV light at 254 nm (Hachemi et al., 2013). 

When using the combination of the advanced oxidation processes, the production of 

hydroxyl radicals is increased, meaning the combination of techniques is favourable, this 

therefore increases the radical concentration and hence the degradation rate (Boczkaj & 

Fernandes, 2017). With this certain combination, the oxidative process occurs through the 

production of hydroxyl radicals generated by the photolysis of ozone (Bermúdez et al., 2021).  
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2.4.5.4- Fenton’s reaction 

 

Fenton’s reaction involves a photochemically excited Fenton reagent. This reagent consists 

of a mixture of hydrogen peroxide and iron (II) salt (Bossmann et al., 1998). Fenton’s reaction 

works by generating hydroxyl radicals, however, the best way to generate these radicals is 

through the addition of the hydrogen peroxide as a bulk quantity. Due to environmental 

considerations, this is not a favourable approach and affects the overall efficiency over time, 

as the hydrogen peroxide gets consumed quickly (Liu et al., 2017). Specifically, the redox cycle 

of iron (II) and iron (III) produce the hydroxyl radicals in this reaction scheme. Recent years 

have used heterogenous iron catalysts within the reaction mixture in place or iron salts 

(Zhang et al., 2020).  

 

Figure 13: The chemical reactions that occur within the Fenton's reaction process 

 

Within the Fenton reaction, the hydroperoxyl radical is produced, which also enhances the 

oxidation power of the system. This reaction is popular for use as an advanced oxidation 

process due to the low toxicity and lower costs, as well as a simple operating process. The 

main limitation of the process is it needs to be conducted at an acidic pH to avoid oxidation 

of iron (II) (Salgado et al., 2017). Large doses of iron (II) ions are required within the reaction 

scheme, which can lead to corrosive leaching into the solution, which will interfere with the 

reaction. The precipitation of the iron on a solid surface can also affect the reaction, as it 

limits the surface area for adsorption (Roy & Moholkar, 2020). The environmental benefits 

associated with this method make it favourable, however, there are some negative elements 

counteracting the favourability of this process (Hakika et al., 2019). These include the use of 

hydrogen peroxide and many radical species which are toxic to living organisms 

(Buyuksonmez et al., 1998).  
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2.4.6 - Adsorption 
 

Adsorption is a scientific technique that is widely used for pollutant removal. With adsorption 

experimentation it is important to determine the thermodynamic and kinetic properties to 

better understand the mechanisms and rate of adsorption (Qiu et al., 2009).  

Adsorption shows great promise for the removal of some organic contaminants. The 

contaminants are adsorbed into the adsorbent and the adsorbent can be removed and the 

regeneration of the organic contaminants can occur (Breitbach & Bathen, 2001). 

One of the main adsorbents used for the removal of organic contaminants is activated 

carbon.  

 

2.4.6.1 - Activated carbon 

 

In the past, a variety of carbon based compounds have been used as adsorbents in the 

treatment of water, including wood char or coal char. The adaptation over time of these 

carbon based structures have led to the development of the compounds, such as activated 

carbon, which are better adapted for organic pollutant removal (González-García, 2018). 

Activated carbon is a very popular adsorbent used to treat wastewater. The term activated 

carbon describes carbon based materials that have a well-developed pore structure that can 

maximise the surface area of the compound (Bhatnagar et al., 2013). The uses of activated 

carbon are extensive and include applications such as separation of compounds, removal of 

compounds and the modification of compounds, which can either be in the liquid or gas 

phase (Heidarinejad et al., 2020). The adsorption ability of activated carbon can be altered 

by the functionalisation of the carbon. The chemical properties of the carbon depend on the 

presence of additional heteroatoms within the carbon structure. These additional 

heteroatoms can be introduced into the carbon either from the starting material or from 

additional functionalisation that occurs, either through activation processes or by treating 

the carbon once it has been activated (Shafeeyan et al., 2010). 
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The ability of the activated carbon to assist in the removal of organic contaminants from 

wastewater is due to high porosity and high surface area of carbon, as well as the ability to 

functionalise carbon, leading to the presence of different heteroatoms. This makes activated 

carbon more susceptible to reactants being adsorbed and therefore, removed from 

wastewater (Karnib et al., 2014). 

 

2.4.6.2 - Ozone/activated carbon 

 

The combination of both technologies involving activated carbon and ozone have been 

investigated due to the promise that these applications have individually. The combination 

of ozone and activated carbon combines the high oxidation potential of ozone with the high 

adsorption properties of activated carbon. This results in the elimination of many organic 

pollutants, as well as the prevention of many pollutants’ mutagenic potential (Valdes et al., 

2002). The coupling of these techniques also provides a cost benefit, as neither the activated 

carbon or ozone need to be used and incorporated at such high concentrations than they do 

when used individually for the treatment of wastewater (Schollée et al., 2021). The oxidation 

potential of many oxidants can be shown in Table 1 below. 

 

Table 1: Oxidation Potentials (Leusink, 2014).  

Oxidant Electrochemical Potential (V) 

Free hydroxyl radical 2.8 

Ozone atom 2.42 

Ozone  2.07 

Oxygen 1.23 

 

The use of ozone individually requires large dosages to either directly oxidise the compounds 

or produce enough hydroxyl radicals, when combined with a porous material. For example, 

with activated carbon, the mineralisation rate is increased, as well as the efficiency of the 

reaction. This also shows a dramatic decrease in operational costs, as the production of large 

volumes of ozone is an expensive procedure (Xiong et al., 2020). When combining the two 

technologies, different pathways can be exploited to remove the organic pollutants. 
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Therefore, the combination can mean more pollutants are removed from wastewater by the 

varying reactions with ozone and activated carbon (Sun et al., 2018). 

Whilst the processes of both ozonation and adsorption with activated carbon can be used as 

separate techniques, they can be also be used consecutively to maximise the degradation 

and removal of contaminants within the solution. For example, wastewater can be treated 

first with ozone, followed by the addition of activated carbon. With a breakdown of the 

compounds occurring first via oxidation of ozone, the smaller chemical compounds 

generated can then be adsorbed and removed by the activated carbon. Certain compounds 

will have a higher affinity to be adsorbed, so by initially oxidising the compounds, this process 

could be enhanced (Si et al., 2019). 

 

2.4.6.3 - BET Isotherm 

 

BET is an isotherm used for determining the adsorption of a solute on a surface. It takes into 

consideration the multi-layer adsorption that can occur, incorporating this into an equation 

used to determine the relative adsorptions. The method of BET can be used to determine the 

surface area, as well as the pore size distribution of many adsorbents and catalysts (Ebadi et 

al., 2009). BET is derived from the Langmuir isotherm, which works on the analysis of a single 

layer. The BET isotherm takes this single layer equation for surface area calculation and 

incorporates the ability of different layers within the surface to also adsorb reactants. 

Therefore, producing an equation which can be used to calculate the total surface area of an 

adsorbent or catalyst (Toth, 2000). Experimentally, BET works to measure the overall 

adsorption of a surface using nitrogen adsorption. The use of nitrogen is used primarily on 

porous materials and powders, and has proven very effective as it does not participate in 

alternative reactions as it is an inert gas (Van et al., 2011). 

The BET isotherm model uses an equation which considers the adsorption onto the surface. 

This will vary depending on which layer is being studied. As the isotherm is developed for 

multilayer systems, differing assumptions are used when calculating the isotherm 

mathematically (Aguerre et al., 1989). 

The model BET isotherm equation can be seen below.  
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Equation 1 

𝜃 =
𝑐𝑝

(1−
𝑝

𝑝0
)(𝑝0+𝑝(𝑐−1))

       Eq. 1:  BET Isotherm 

 

Where: 

 

c is the BET constant,  

po is the vapour pressure of the bulk phase (Pa), 

p is the vapour pressure (Pa), 

𝜃 is the surface coverage, defined below, 

 

Equation 2 

𝜃 =
𝑛𝑎𝑑𝑠

𝑛𝑚
          Eq.2: Defining feta 

nads is the amount of adsorbate (moles), 

nm is the monolayer equivalent. 

 

2.4.6.4 – TOC 

 

Total organic carbon (TOC) is a useful indicator within the environment, given the carbon 

comes from natural and anthropic sources. The presence of TOC in water is not harmful to 

human health, however, as the TOC varies across water supplies it is useful to understand 

differences in TOC content (Visco et al., 2005). A TOC compound is any compound containing 

any carbon atoms, except for CO2 and related substances. TOC is present in water through 

many different courses, such as natural and man-made activities (Mook et al., 2012). Carbon 

can be found in solids, liquids and in extracts or leachates, as the carbon is found in a variety 

of different phases, the overall TOC value can be difficult to obtain (Bisutti et al., 2004).  

 

 

 

 



51 
 

2.4.6.5 - Iodine Number 

 

Iodine number is an analytical technique used to characterise the activity of carbon materials. 

The iodine number relates to the amount of iodine adsorbed by 1 g of a carbon sample (Du 

et al., 2021). The amount of iodine adsorbed is measured in milligrams, and is measured 

when the concentration of the iodine in the filtrate is equal to 0.02 N. The experimental 

method is based on a three point isotherm (Nunes & Guerreiro, 2011). The iodine number is 

used to investigate the porosity of a sample of activated carbon by monitoring the amount 

of iodine adsorbed onto the surface of AC and therefore the surface area can be obtained; 

this can in turn give the porosity of the activated carbon.  

To calculate the iodine number, the following calculations are required, these are expanded 

on in Appendix 1.  

 

Equation 3 

𝐴 = (𝐼𝑜𝑑𝑖𝑛𝑒, 𝑁)(12693.0)    Eq. 3: Used to calculate the iodine number. 

 

Equation 4 

𝐵 = (𝑆𝑜𝑑𝑖𝑢𝑚 𝑇ℎ𝑖𝑜𝑠𝑢𝑙𝑓𝑎𝑡𝑒, 𝑁)(126.93)  Eq. 4: Used to calculate the iodine number. 

 

Equation 5 

𝑋

𝑀
=

[𝐴−(𝐷𝐹)(𝐵)(𝑆)]

𝑀
  Eq. 5: Used to calculate the iodine number of a sample of activated 

carbon. 
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Where: 

𝑋

𝑀
 is the iodine absorbed per gram of carbon (mg/g), 

𝑆 is sodium thiosulfate used (mL), 

𝑀 is the mass of carbon used (g), 

𝐷𝐹 is the dilution factor, 

𝐵 calculated by Equation 4, and  

𝐴 calculated by Equation 3.  

 

2.4.7 - Isotherms  

 

Analytical isotherms are a variety of techniques used for modelling adsorption data (Jeppu & 

Clement, 2012). It is important to be able to characterise different reactions in chemical 

processes and one of the easiest ways to do this is through the application of an isotherm. 

These isotherms allow better understanding of chemical reactions (LeVan & Vermeulen, 

1981). An adsorption isotherm is used to predict how much solute can be adsorbed onto the 

surface of a solid like activated carbon, and the isotherms represent the amount adsorbed 

by a unit weight adsorbent (Desta, 2013). Isotherms are often describing the process of 

adsorption at a constant temperature and pH (Chen, 2015). The two most common isotherms 

are Langmuir Isotherm and Freundlich Isotherm, which are discussed in more detail below.  

 

 

 

 

 

 

 

 

 



53 
 

2.4.7.1 - Langmuir Isotherm  

 

The Langmuir isotherm can be obtained when making some fundamental assumptions and 

the isotherm is applied to fit adsorption data obtained at equilibrium (Liu, 2006). The 

Langmuir isotherm was originally derived to describe the adsorption of a gas onto a solid 

phase adsorbent. There are several assumptions of the isotherm model, and these are (i) the 

monolayer surface coverage, (ii) identical and equivalent surface sites with equal sorption 

activation energy of each molecule resulting in homogenous adsorption, and (iii) no 

transmigration or interaction between the adsorbed species in the plane of the surface 

(Ghosal & Gupta, 2017). The Langmuir isotherm can be adapted to describe different 

interactions, most notably a liquid to solid adsorbate interaction (Sohn & Kim, 2005).  

 

 

Figure 14: an equilibrium between the gas phase and the adsorbate phase 

 

The equation for the Langmuir absorption theorem is shown below, as well as the first two 

equations of the Langmuir absorption theorem, once linearised, also being shown.  

 

Equation 6 

𝑞𝑒 =  
𝑄𝑚𝑏 𝐶𝑒

1+𝑏𝐶𝑒
     Eq. 6: Langmuir Absorption Theorem 

 

Equation 7 

𝐶𝑒

𝑞𝑒
= (

1

𝑄𝑚
)

1

𝐶𝑒
+

1

𝑄𝑚𝑏
      Eq. 7:  Langmuir - 1 
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Equation 8 

1

𝑞𝑒
= (

1

𝑏𝑄𝑚
)

1

𝐶𝑒
+

1

𝑄𝑚
      Eq. 8:  Langmuir - 2 

The constants for both Langmuir equations are defined below.  

𝑞𝑒 is the value of q at equilibrium (mg/g),  

𝑄𝑚 is the maximum adsorption capacity of adsorbent (mg/g), 

𝑏 is the Langmuir constant (L/mg), 

𝐶𝑒 is the concentration at equilibrium (mg/L).  

 

2.4.7.2 - Freundlich isotherm 

 

The Freundlich isotherm is derived from the Langmuir isotherm, with assumptions 

surrounding the energetic surface heterogeneity. The empirical derivation of the Freundlich 

isotherm applies to both monolayer and multilayer adsorption, however, it is more 

commonly applied to monolayer adsorption (Yang, 1998). Within the Freundlich isotherm 

shown in Equation 9, there are many constants, for example n, and it has been proven 

through the applied equation that the parameter n should be inversely dependent on the 

temperature of the reaction (Skopp, 2009). When the adsorption process is not directly 

linear, the Freundlich isotherm can be used instead. This is sometimes preferable, as the 

Freundlich isotherm contains two parameters. This isotherm often describes adsorption 

behaviour better than that of the linear adsorption isotherm due to the two parameters that 

can be altered independently of one another (Coles & Yong, 2006). 

 

Figure 15: within the Freundlich isotherm, there is variety in the amount of gas adsorbed 
depending on the temperature and pressure. 
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The equation for the Freundlich Isotherm can be seen below, as well as the equation for the 

linearised form of the isotherm, used for analysis.  

 

 

Equation 9 

𝑞𝑒 =  𝐾𝑓𝐶𝑒

1

𝑛        Eq. 9: Freundlich Isotherm 

 

Equation 10 

𝑙𝑜𝑔(𝑞𝑒) = 𝑙𝑜𝑔(𝐾𝑓) +  
1

𝑛
𝑙𝑜𝑔(𝐶𝑒)   Eq. 10: Freundlich Isotherm Linearised 

 

The constants for the Freundlich isotherm are highlighted below.  

 

𝑞𝑒 is the value of q at equilibrium (mg/g),  

𝐶𝑒 is the concentration at equilibrium (mg/L), 

𝑛  is the Freundlich constant known as the sorption capacity,  

1

𝑛
 is the heterogeneity factor, 

𝐾𝑓 is the Freundlich constant, sorption capacity (L/mg). 

 

2.5 - Rate theory 

 

Transition state theory is a theory derived to allow quick estimates for reaction rates of 

specific reactions. This means that even when computational models were not yet developed 

for rate analysis, approximations could be made for a variety of processes (Pollak & Talkner, 

2005). The probability that atoms are able to transition from an initial state to an end state 

can be expressed as the rate constant, as long as this transition occurs only one unit at a time 

(Horiuti, 1973).  



56 
 

The majority of kinetic systems will conform typically to one of the following orders of 

reaction; zero order, first order, second order, square root of time and cubic root. These 

orders express the delivery rate within the reaction system, as well as being combined with 

the design geometry and composition (Yang, 1998).  

Zero order reactions are less commonly found within reaction systems than the alternative 

orders of reaction, however, they do have some unique and interesting qualities. A zero order 

reaction is constant and independent of concentrations of any reactants within the reaction 

system. Because of this, zero order reactions are quite rare, as it is surprising that a reaction 

system would not be at all impacted by the prevalence of any reactant material (Bain et al., 

2018). 

A first order reaction is more common, where the rate of reaction is directly proportional to 

the concentration of the reactant present. A first order reaction is expressed graphically as 

an exponential decay over time, representing decay is at the same rate depending on the 

concentration dose (Sunta et al., 2001). First order reaction curves are often described as 

single exponential decay graphs and this is a characteristic of a first order reaction which can 

help to identify the order of the reaction from the shape of the graph (Srividhya & Schnell, 

2006).  

 

2.5.2 - Arrhenius equation 

 

The influence of temperature on the rate of chemical reactions can be described by the 

Arrhenius equation (Laidler, 1984). According to the Arrhenius equation, the reaction rates 

at very low temperatures are very small, but non-zero. This is shown through the curved 

Arrhenius plot that is obtained, representing that reaction rate approaches, but never 

reaches, zero (Kohout, 2021). The equation contains one constant, which is the gas constant 

and also two unknown parameters. These are k0, a pre-exponential factor and the activation 

energy, EA. These can both be derived from experimental data (Rodionova & Pomerantsev, 

2005).  
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Equation 11 

𝑘 = 𝐴𝑒
−𝐸𝑎

𝑅𝑇         Eq. 11: Arrhenius equation 

 

Where: 

𝑘 is the rate constant, 

𝐴 is the Arrhenius factor, 

𝐸𝑎 is the activation energy, 

𝑅 is the universal gas constant, and  

𝑇 is the absolute temperature in K.  

 

2.6 - Analytical techniques 

  

2.6.1.1 - Indigo Method 

 

The indigo method is used to assist in the analysis of ozone concentrations within a liquid 

sample. The use of visible light enables low concentrations of ozone to be measured, by 

minute reactions occurring between ozone and the indigo solution. This results in a colour 

alteration that can be easily determined via absorption of light in the visible region (Garcia 

et al., 2014). The indigo sulphonate aqueous solution absorbs light at a wavelength of 600 

nm. Within the indigo solution, ozone reacts with the olefinic bond, and the ozonation of this 

bond can result in the formation of two separate compounds, both colourless. This affects 

the colour intensity of the indigo solution, as well as the ozone present within the solution. 

The colour change can subsequently be determined accurately through UV-Vis spectroscopy 

(Felix et al., 2006). 
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Figure 16: mechanism for the reaction of indigo sulphonate solution with ozone 

 

The absorbance of the indigo sulphonate solution before and after the reaction with ozone 

can be compared, and resulting in a calculation for the ozone concentration in the sample 

being analysed using Equation 12 (Nobbs & Tizaoui, 2014).  

 

Equation 12 

𝐶𝑠 =  
𝜌𝑠

𝜌𝑖𝑛𝑑
 
𝑚𝑖𝑛𝑑

𝑚𝑠
 

𝑀𝑂3

𝜀𝑖𝑛𝑑𝐿
 [(𝐴𝑏𝑠600)0 − (𝐴𝑏𝑠600)𝑓]   Eq.12: Calculating ozone 

concentration from indigo 

 

Where: 

𝐶𝑠 is phase sample ozone concentration (mg/L), 

𝜌𝑠 and 𝜌𝑖𝑛𝑑 are densities of phase solvent and indigo reagent solution (g/L), 

𝑚𝑖𝑛𝑑 and 𝑚𝑠 are respective masses of indigo reagent solution and phase solvent added to 

syringe (g), 

𝑀𝑂3 is the molecular mass of ozone (48,000 mg/mol), 

𝜀𝑖𝑛𝑑 the extinction coefficient of indigo (20,069 L/mol cm), 

𝐿 path length of the cell (1 cm), 



59 
 

(𝐴𝑏𝑠600)0 is the absorbance at 600 nm of the indigo reagent solution, and  

(𝐴𝑏𝑠600)𝑓 is the absorbance at 600 nm of the discoloured indigo reagent solution sample 

 

2.6.1.2 - Beer Lambert Law 

 

The Beer Lambert Law is used to equate absorbance to concentration of a substance. This 

relationship is established using the equation shown below in Equation 13 (Hardesty & Attili, 

2010).  

 

Equation 13 

𝐴 = 𝑐 𝜀 𝑙       Eq. 13: Beer-Lambert Law  

 

Where:  

A is absorbance, 

c is concentration (moldm-3), 

l is length of light path (m), and  

𝜀 is the molar absorptivity.  
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2.6.2 – Sample preparation 

 

There are a variety of different extraction techniques that can be used to prepare samples 

for analysis. Some of these techniques are discussed below.  

Solid phase extraction is used as a technique for sample preparation when separating the 

analyte from the aqueous solution. In this process, the analyte, initially found in large 

volumes of the aqueous solution, is extracted to a solid phase for analysis, before being 

obtained through elution in small solvent volume (Poole, 2003). Solid phase extraction is a 

very versatile technique, which means it can be used for a variety of different purposes, 

including purification and fractionation. Depending on the reaction mechanism, the sorbent 

(solid phase) can be selected. However, it needs to be an appropriate sorbent to ensure that 

the analyte is contained within the solid and the mobile phase does not have a high affinity 

(Zwir-Ferenc & Biziuk, 2015). The main advantage of solid phase extraction is the need for 

small volumes of organic solvents. This makes the process cheaper and more 

environmentally friendly (Rodriguez et al., 2000). 

Liquid-liquid extraction is a commonly used sample pre-treatment process. The main purpose 

of this technique is to increase the concentration of the analyte and increase the selectivity, 

by removing interfering species from the analysis and further treatment (Silvestre et al., 

2009). Liquid-liquid extraction is used for clean-up and sample enrichment, making it a very 

useful technique (Anthemidis & Ioannou, 2009). However, this extraction process requires 

an organic solvent and an inorganic solvent. These solvents are costly, as well as the organic 

solvents commonly being toxic and flammable. Due to this, liquid-liquid extraction is not as 

favourable a technique, especially with green chemistry guidelines in mind (Huddleston et 

al., 1998).  

Solid supported liquid extraction is able to immobilise a liquid in an inert atmosphere. This 

means that the liquid can be analysed by being pumped through a column (Nave et al., 2007). 

This technique is compatible with a wide variety of solvents, making it preferable 

(Breitenbucher et al., 2001). Hydrophobic molecules are removed through the process, giving 

a clean extract for analysis (Owen & Keevil, 2013). 

  



61 
 

Chapter 3 – Materials and Methods 

 

3.1 – Materials  

 

3.1.1 - Emerging contaminants of interest: 
 

- Fluoranthene was supplied by Thermo Fisher Scientific at a purity of 98 %. The CAS 

number is: 206-44-0. 

- Di (2- ethyl hexyl) phthalate was supplied from Sigma Aldrich at a purity of > 98 %. 

The CAS number is: 117-81-7. 

- Cypermethrin was supplied from Thermo Fisher Scientific at a purity of 96 %. The CAS 

number is: 52315-07-8.  

 

3.1.2 - Contaminant Solution Preparation 
 

Due to the low solubility of the compounds of interest, solutions of a higher concentration 

were prepared in methanol. The solutions in methanol were made to a concentration of 1 

g/L. These solutions were diluted to 1 mg/L in water, by extracting 1 mL of solution in 

methanol. The solution was made up to 1 L with DI water. These solutions were then used 

for experimentation.   

FLT was made to be 4.9 µmol/L.  

DEHP was made to be 2.5 µmol/L. 

CYM was made to be 2.4 µmol/L. 
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3.2 - Analytical 

 

3.2.1 - UV-Vis Analysis  

 

UV-Vis analysis was performed using Agilent Cary 60 UV-Vis. The chemicals were made up in 

solutions of DI water and these samples were used to run analysis. A background scan using 

DI water was run, and then the samples were analysed in a glass cuvette. The scan was run 

from 190 nm to 800 nm and the peaks were analysed.  

 

3.2.2 - Fluorescence Analysis  

 

Fluorescence analysis was performed using the Agilent Cary Eclipse Fluorescence 

Spectrophotometer. Samples were made up in DI water. A quartz cuvette was used, which 

was clear on all sides. A sample of DI water was first run to zero the machine and then the 

samples were run by analysing corresponding emission and excitation wavelengths of the 

compounds. The wavelengths of the scan varied depending on the wavelength of the 

emission and excitation pairs.  

 

3.2.3 - High Performance Liquid Chromatography Analysis  

 

An Agilent High Performance Liquid Chromatography (HPLC) was used to analyse the 

concentrations of chemical contaminants in solution. Samples were collected in HPLC vials 

from the reaction mixture at regular time intervals. Air was immediately bubbled into the 

solution to quickly remove any residual ozone in the sample to stop the reaction. A method 

was determined using the HPLC to have the best separation of components within solution, 

as well as clear peaks registering from either the FLD or DAD, to give a clear and easy 

determination of the concentration of the peak and the contaminant. The peak area was 

equated to the concentration of the contaminants using a calibration curve. The table below 

(Table 2) summarises the HPLC conditions used for each EC. All analysis was performed using 

a C18 Ascentis column, with an isocratic elution phase of 85 % acetonitrile and 15 % wate, 

and with a sample injection volume of 5 µL.  
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Table 2: HPLC conditions used for analysis 

 

 % ACN % Water FLD wavelength 

(nm) 

DAD wavelength 

(nm) 

Retention 

Time (min) 

FLT 85 15 486, 285  4.5 

CYM 85 15  250 2.5 

DEHP 85 15 456, 245  4 

 

 

3.3 - Ozonation Experiments 
 

Ozone was generated from pure oxygen using Ozonia Lab2B generator, BMT 964 analyser. 

The conditions varied throughout experimentation and are shown below in Table 3. The 

ozone was diffused into liquid solution (500 mL). This solution was stirred using a magnetic 

bar stirrer and samples were taken at regular time intervals to analyse the concentration of 

the emerging chemical contaminants and ozone, using the indigo method and HPLC 

respectively. The analysis of the chemical contaminants was performed on an Agilent 1200 

series HPLC system using a Supelco Ascentis Express C18 column. The conditions for the 

injection volume and mobile phase for each EC are highlighted above in Table 2.  

 

3.4 - Mass transfer of ozone in DI water  

 

The absorption of ozone into DI water was measured via UV-Vis spectroscopy, using a pump 

to allow a constant flow of ozonated water through the UV-Vis spectrometer. Measurements 

were taken every minute for thirty minutes in the wavelength range from 190 nm to 350 nm. 

The ozone concentration was measured at the maximum absorbance wavelength of 260 nm. 

This was plotted against time to monitor the absorption of ozone over time. The Beer-

Lambert law (Equation 11) was used to calculate ozone concentration at 260 nm.   
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Different variables were investigated to maximise the absorption of ozone into DI water. 

These were: 

- Effect of ozone gas concentration, 

- Effect of pH, 

- Effect of temperature,  

- Effect of flow rate, 

- Effect of radical scavengers 

 

The reaction conditions for each experiment can be seen below in Table 3.  

Table 3: conditions used for each experiment investigating ozone mass transfer into 500 mL 
DI water 

 

Ozone gas concentration 

(g/m3 NTP) 

pH Temperature 

(oC) 

Flow rate 

(L/min) 

Radical scavenger 

present 

Standard experiment used for comparison  

50 6 18.9 0.50 No 

Effect of ozone gas concentration 

30 6 19.1 0.48 No 

70 6 19.1 0.50 No 

Effect of pH 

50 2 18.9 0.50 No 

50 9 19.3 0.49 No 

Effect of temperature 

50 6 6.5 0.5 No 

50 6 32.5 0.5 No 

Effect of oxygen flow rate 

50 6 19.3 0.25 No 

50 6 19.3 0.75 No 

Effect of radical scavengers  

50 6 19.7 0.5 0.316 g sodium 

carbonate 

50 6 19.6 0.5 100 µL tert-butanol 
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3.4.1 - Ozonation of chemical contaminants  

 

Different conditions were tested to identify the optimum degradation for the three chemical 

contaminants in solution.  

The conditions investigated are shown below: 

- Effect of oxygenating the solution, 

- Effect of ozonating the solution, 

- Effect of pH on the degradation of the contaminant, 

- Effect of temperature on the degradation of the contaminant, 

- Effect of a radical scavenger on the degradation of the contaminant, and  

- A stoichiometric analysis on the relationship between the chemical contaminant and 

ozone. 

The effects of temperature were investigated using a chiller, to push water at a specified 

temperature around the jacket surrounding the reactor, to alter the temperature of the 

water solution within the reactor. The chiller temperature was set and the water circulated 

until the temperature of the water in the reactor stabilised. 

The pH of solution was altered by spiking the solutions with hydrochloric acid or sodium 

hydroxide solution until the pH probe (Mettler Toledo) read the desired pH. Standardisation 

of the pH probe was conducted using pH buffers at pH 4 and pH 7. 

Solutions for all the following experiments were made up of 475 mL DI water and 25 mL of 

the chemical contaminant in 1 mg/L solution. 

All samples were taken from the reactor and bubbled with air to ensure there was no ozone 

remaining in the samples. 
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3.4.1.1 - Fluoranthene 

 

Fluoranthene samples were taken at regular time intervals of 0 seconds, 30 seconds, 60 

seconds, 90 seconds, and 120 seconds.  

 

Table 4: Reaction conditions used when analysing the effect of different conditions on the 
ozonation of Fluoranthene. 

 

Ozone gas 

concentration (g/m3 

NTP) 

pH Temperature 

(oC) 

Flow rate 

(L/min) 

Radical scavenger 

present 

Oxygenating FLT solution 

0 6 19.7 0.5 No 

Ozonating FLT solution at different ozone gas concentrations 

50 6 19.9 0.5 No 

20 6 20.4 0.5 No 

Effect of pH  

20 2 19.7 0.5 No 

20 9 19.7 0.5 No 

Effect of temperature 

20 6 29.8 0.5 No 

20 6 14.8 0.5 No 

20 6 5.1 0.5 No 

Effect of radical scavenger  

20 6 20.1 0.5 100 µL tert-butanol 
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3.4.1.2 - Di (2- ethyl hexyl) phthalate  

 

Di (2- ethyl hexyl) phthalate samples were taken at regular time intervals of 0 minutes, 1 

minute, 2 minutes, 3 minutes, and 4 minutes. 

 

Table 5: Reaction conditions used when analysing the effect of different conditions on the 
ozonation of Di (2- ethyl hexyl) phthalate. 

 

Ozone gas 

concentration (g/m3 

NTP) 

pH Temperature 

(oC) 

Flow rate 

(L/min) 

Radical scavenger 

present 

Oxygenating a solution of DEHP 

0 6 24.0 0.5 No 

Ozonation of a solution of DEHP 

50 6 21.8 0.5 No 

20 6 19.7 0.5 No 

Effect of pH 

20 2 24.3 0.5 No 

20 9 24.0 0.5 No 

Effect of temperature 

20 6 15.3 0.5 No 

20 6 24.7 0.5 No 

20 6 29.3 0.5 No 

Effect of a radical scavenger  

20 6 22.2 0.5 100 µL tert-butanol 
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3.4.1.3 - Cypermethrin 

 

Cypermethrin samples were taken at regular time intervals of 0 minutes, 1 minute, 2 minutes, 

3 minutes, 4 minutes, 5 minutes, and 10 minutes.  

 

Table 6: Reaction conditions used when analysing the effect of different conditions on the 
ozonation of Cypermethrin. 

 

Ozone gas 

concentration (g/m3 

NTP) 

pH Temperature 

(oC) 

Flow rate 

(L/min) 

Radical scavenger 

present 

Oxygenating a solution of CYM 

0 6 19.7 0.5 No 

Ozonation of a solution of CYM 

20 6 24.4 0.5 No 

Effect of pH 

20 2 25.0 0.5 No 

20 9 24.3 0.5 No 

Effect of temperature 

20 6 21.7 0.5 No 

20 6 15.2 0.5 No 

20 6 29.6 0.5 No 

Effect of a radical scavenger 

20 6 24.6 0.5 100 µL tert-butanol 
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3.4.1.4 - Stoichiometric Analysis  

 

A stoichiometric analysis of all chemical contaminants was also performed. A solution of DI 

water was ozonated until saturation at 20 g/m3 NTP. This was mixed with the chemical 

contaminant solution made for experimentation (475 mL DI water and 25 mL chemical 

contaminant). The resulting solution was mixed with potassium indigo trisulphonate solution 

and the absorbance was measured using UV-Vis. The volumes used for all chemical 

contaminants were the same and can be seen below in Table 7.  

 

Table 7: Volumes used to analyse the stoichiometric relationship of the chemical 
contaminants and ozone. 

 

Contaminant  volume (mL) Ozone volume (mL) Indigo volume (mL) 

1 0.5 2 

1 1 2 

1 1.5 2 

1 2 2 

   

3.4.2 - Indigo Method  

 

The indigo method was used to measure the concentration of ozone in solution. The reaction 

scheme is shown below in Figure 17.  
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Figure 17: reaction scheme for the reaction with indigo trisulphonate 

 

The indigo solution was prepared using 500 mL DI water and 1 mL concentrated phosphoric 

acid added whilst stirring to a 1 L volumetric flask. 77 mg of potassium indigo trisulfonate 

added whilst stirring and then made up to the mark. This solution was used to determine the 

concentration of ozone in water. A known volume of the indigo solution was extracted into 

a syringe and weighed. A smaller volume of the ozone solution was withdrawn from the 

reactor and the syringe weighed again. The UV-Vis spectrum of the pure indigo solution and 

the indigo and ozone solution were measured and the absorbances compared. This allowed 

the concentration of the ozone to be more accurately determined using the Beer Lambert 

Law (Equation 11).  
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3.5 - Adsorption experimentation  
 

3.5.1 - Iodine Number 

 

The iodine number experiment was performed on a variety of different samples that had 

been cleaned and treated using a commercial acid solution and washed and rinsed three 

times with DI water, in different percentages. These different samples were analysed to 

determine the iodine number of every sample. The method followed for this analysis is 

detailed below from the following documentation (International, 2006). 

 

3.5.1.1 - Preparation of solutions 

 

A variety of solutions were prepared for the experiment.  

A hydrochloric acid solution at a concentration of 5 % by weight was prepared by mixing 70 

mL concentrated hydrochloric acid and 550 mL of DI water. This was mixed thoroughly and 

then used for the next steps. 

A sodium thiosulfate solution was prepared at a concentration of 0.100 N. For this solution 

24.820 g of sodium thiosulfate pentahydrate was dissolved in 75 mL of DI water. 0.01 g of 

sodium carbonate was added into the solution and the volume made up to 1 L.  

A standard iodine solution was prepared to a concentration of 0.001 N. 12.7 g of iodine and 

19.1 g of potassium iodide were mixed and 5 mL of water was added and stirred. 60 mL of DI 

water was added and left for 4 hours. The solution was transferred to a volumetric flask and 

made up to 1 L.  

A solution of potassium iodide was made up to a concentration of 0.1 N. This solution was 

made by drying 4 g of potassium iodate at 110 °C for 2 hours. 3.57 g of this potassium iodate 

was taken and dissolved in 100 mL of distilled water. This was transferred to a volumetric 

flask and made up to 1 L.  
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3.5.1.2 - Standardisation of solutions 

 

The sodium thiosulfate solution was standardised using potassium iodate titration in the 

burette. The flask below the burette contained 2 g of potassium iodide with 5 mL of 

hydrochloric acid. The equations for this standardisation can be found in Appendix 1.   

The iodine solution was standardised with the iodine solution being titrated against the 

previously standardised sodium thiosulfate. The indicator used was a starch solution, which 

was added when the solution became a light yellow colour. The solution turned black on 

addition of the starch and was then titrated until no colour was apparent.  

 

3.5.1.3 - Iodine number procedure 

 

Granulated activated carbon was ground and passed through a mesh screen of 425 microns. 

The carbon was dried and cooled to room temperature. The weighed samples of carbon were 

transferred into Erlenmeyer flasks and 10 mL of the hydrochloric acid solution was added, 

shaken and heated to remove any sulphur. 100 mL of the iodine solution was added into the 

flasks and shaken vigorously. The solution was filtered to remove the carbon and 50 mL of 

the resulting filtrate was used to titrate against the sodium thiosulfate. Starch solution was 

added to ensure the correct end point was recorded.  

Calculations were performed to calculate the iodine number, which can be found in Appendix 

1.  

 

3.5.1.4 - Adsorption with GAC 

 

The adsorption of each chemical contaminant onto the surface of GAC was investigated in DI 

water.  

Samples of 1 mg/L of each contaminant were used (100 mL) and the mass of GAC used for 

experimentation varied. The masses used can be seen below in Table 8. The solutions were 

mixed using an Inku Shaker, set to a temperature of 20 oC and a speed rate of 200 rpm.  
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Table 8: Reaction conditions used for the analysis of adsorption rates of the chemical 
contaminants onto different masses of GAC. 

 

Solution used Mass of GAC used (g) 

FLT analysis 

100 mL 1 mg/L Fluoranthene solution in DI water 0.021 

100 mL 1 mg/L Fluoranthene solution in DI water 0.015 

100 mL 1 mg/L Fluoranthene solution in DI water 0.010 

100 mL 1 mg/L Fluoranthene solution in DI water 0.020 

100 mL 1 mg/L Fluoranthene solution in DI water 0.015 

100 mL 1 mg/L Fluoranthene solution in DI water 0.010 

DEHP analysis 

100 mL 1 mg/L Di (2- ethyl hexyl) phthalate  solution in DI water 0.020 

100 mL 1 mg/L Di (2- ethyl hexyl) phthalate  solution in DI water 0.015 

100 mL 1 mg/L Di (2- ethyl hexyl) phthalate  solution in DI water 0.010 

100 mL 1 mg/L Di (2- ethyl hexyl) phthalate  solution in DI water 0.020 

100 mL 1 mg/L Di (2- ethyl hexyl) phthalate  solution in DI water 0.015 

100 mL 1 mg/L Di (2- ethyl hexyl) phthalate  solution in DI water 0.010 

CYM analysis 

100 mL 1 mg/L Cypermethrin solution in DI water 0.020 

100 mL 1 mg/L Cypermethrin solution in DI water 0.016 

100 mL 1 mg/L Cypermethrin solution in DI water 0.010 

100 mL 1 mg/L Cypermethrin solution in DI water 0.005 

100 mL 1 mg/L Cypermethrin solution in DI water 0.012 

100 mL 1 mg/L Cypermethrin solution in DI water 0.017 

 

Samples were taken at regular time intervals and analysed using HPLC to determine the 

concentration of the contaminants remaining in solution. 
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3.6 - Wastewater Analysis 

 

Samples of final treated wastewater effluent were collected from Gowerton wastewater 

treatment plant. Samples were collected by Welsh Water and the water was analysed. The 

samples taken for experimentation were stored in the fridge and filtered through PVDF 

membrane filters 0.45 µm, to ensure there were no particulates in the solution to block the 

HPLC column.  

Ozonation of the wastewater was investigated. The wastewater effluent was spiked with 

solutions of the chemical contaminants so the concentrations could be determined. All 

solutions were prepared using 475 mL filtered wastewater and 25 mL of 1 mg/L solutions of 

the contaminants. The conditions used for the experiments are shown below in Table 9.  

Samples were collected at regular time intervals of 0 minutes, 0.5 minutes, 1 minute, 1.5 

minutes, 2 minutes, 3 minutes, 4 minutes, 5 minutes, and 10 minutes. When the samples 

were collected, air was bubbled into the solutions to ensure no ozone was present.  

These samples were then analysed using HPLC. 

 

Table 9: Reaction conditions used for each experiment when investigating the ozonation of 
the chemical contaminants in wastewater. 

 

Chemical Ozone gas 

concentration (g/m3 

NTP) 

pH Temperature (oC) Oxygen gas flow 

rate (L/min) 

FLT 20 7.1 13.2 0.5 

DEHP 20 7.1 13.6 0.5 

CYM 20 7.1 14.1 0.5 
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The wastewater was also investigated for the effects of adsorption onto GAC. Solutions of 1 

mg/L were prepared in wastewater and 100 mL added and mixed with 0.015 g GAC each. This 

was mixed in the Inku Shaker, with the temperature set to 20 oC and the speed of mixing set 

to 200 rpm as before. Samples were taken at regular time intervals to monitor the 

concentration decrease. These were 0 minutes, 5 minutes, 10 minutes, 20 minutes, 30 

minutes, 40 minutes, 60 minutes, 80 minutes, 100 minutes and 120 minutes. Samples were 

analysed using HPLC.   
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Chapter 4 – Ozone Mass Transfer Analysis 

 

Different reaction conditions were used to determine the effects they would have on the 

overall reaction composition. These conditions involved ozone concentration, temperature, 

flow rate of oxygen and pH. 

 

4.1 - Indigo Method 

 

Differing ozone concentrations were investigated using the indigo method. The differing 

ozone concentrations investigated were 20 g/m3 NTP (normal temperature and pressure), 50 

g/m3 NTP and 70 g/m3 NTP. The DI water was ozonated until maximum concentration 

reached and then the indigo method was performed and the absorbance at 260 nm 

measured.  

 

4.2 - Ozone mass transfer 

 

Using the ozone generator coupled with an ozone analyser, the different concentrations of 

ozone applied to the reaction system can be determined. For these reactions, the volume of 

DI water in the reactor was kept constant at 500 mL, as well as the pH of the water being 

kept constant and the rate of stirring and temperature. This enabled the results to depict 

only the relationship between the effects of ozone concentration on the mass transfer 

coefficient (kLa) values and the rate of absorption. Figure 18 shows the change of ozone 

concentration in the liquid phase (CAL), as a function of time under different ozone gas 

concentrations. The values for CAL were determined using the Beer-Lambert law with an 

extinction coefficient of 3000 M-1 cm-1 for ozone.  
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Figure 18: effect of gas ozone concentration on absorption into solution (pH = 6, 
temperature ~ 20 oC, oxygen gas flow = 0.5 L/min) 

 

From looking at the relationships shown in the graph, the ozone liquid concentration 

increases with time until it reaches a plateau as the bubbling time becomes high. The higher 

the ozone gas concentration, the higher the final ozone liquid concentration. The 

experimental results were modelled using Equation 12 and Equation 13. The model 

parameters were determined using the Solver tool in MS Excel and their values summarised 

in Table 10.  
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Equation 14 

 

𝐶𝐴𝐿 =  
𝐴𝑏𝑠260

𝜀𝐿
     Eq. 15: Equation to calculate CAL from the absorbance 

 

Where: 

𝐶𝐴𝐿 is the aqueous ozone concentration (mg/L), 

𝐴𝑏𝑠260 is the measured absorbance for ozone at 260 nm,  

𝜀 is the ozone extinction coefficient and,  

𝐿 is the path length of the cell (cm).  

 

 

Equation 15 

 

𝐶𝐴𝐿 =  𝐶𝐴𝐿0
𝑒𝑥𝑝(−𝑘𝐿𝑎 𝑡)   Eq. 16: Equation to model the absorption of ozone 

into the liquid phase 

 

Where: 

𝐶𝐴𝐿 is the aqueous ozone concentration (mg/L), 

𝐶𝐴𝐿0
 is the initial aqueous ozone concentration (mg/L),  

𝑘𝐿 is the specific interfacial area, 

𝑎 is the equilibrium concentration of ozone in the water and,  

𝑡 is time (s).  

 

 

 

 



79 
 

From this equation, a graph of ln (
𝐶𝐴𝐿

𝐶𝐴𝐿0

)  vs 𝑡 can be plotted to model the absorption.  

 

Table 10: kLa values and CAL* values for each experiment comparing ozone gas concentration 

 

 30 g/m3 NTP 50 g/m3 NTP 70 g/m3 NTP 

CAL
*(mg/L) 5.51 8.51 12.85 

kLa (min-1) 0.14 0.18 0.16 

 

As would be expected, the values of CAL
* increases in relation to the concentration of ozone.  

The values shown above are CAL
*, which is the end concentration of ozone within the liquid 

phase, and kLa is the mass transfer coefficient, which determines the rate that ozone is 

transferred between the gas and the liquid phase during the reaction. Values for kLa are 

obtained to compare the rate of mass transfer within the solution. From looking at the values 

shown in Table 10, the ozone concentration of 50 g/m3 NTP offers the best rate of mass 

transfer of ozone into water within the reactor.  

The value for kLa is calculated by comparing the values of CAL obtained experimentally and 

comparing these values to ones of CAL obtained through the model calculation using Beer-

Lambert Law, shown in Equation 11. These values are compared until the difference is 

negligible and then used to determine the value of kLa through the calculations expanded on 

in Appendix 2. 

As the values shown for kLa are all within a small range, it is not certain that this describes a 

significant change within the different reactions and could instead be due to error within the 

experiments.  

 

4.2.1 - Effects of pH on ozone mass transfer 
 

The ozonation of water was performed under different pH values. For these experiments the 

flow rate was maintained at 0.5 L/min, the volume of the solution was 500 mL, and the ozone 

concentration was 50 g/m3 NTP. Hydrochloric acid and sodium hydroxide solutions were used 

to set the pH of the working solutions.   
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Figure 19: effect of pH on absorption of ozone into solution (ozone gas concentration = 50 
g/m3 NTP, temp = ~ 20 oC, oxygen flow rate = 0.5 L/min) 

  

Figure 19 shows the change of aqueous ozone concentration as a function of time at different 

pHs. It can be seen that as the pH increased, the curves plateau at a lower liquid 

concentration. As the pH is increased, the rate of degradation of ozone increases, this is due 

to the production of hydroxyl radicals increasing at a more alkaline pH (Mandavgane & 

Yenkie, 2011). At alkaline pH levels, the presence of hydroxyl radicals results in rapid 

decomposition of ozone, which in turns results in a lower half-life of the gas (Galdeano et al., 

2018).  

To evaluate the effect of pH on mass transfer, the experimental data was fitted with the 

equation and the parameters were determined, their values are given in Table 11. According 

to Table 11, the highest value of CAL
* was obtained at pH 2. This is because at low pH, ozone 

is more stable which implies that higher concentrations of molecular ozone are obtained in 

the liquid phase. At a higher pH, for example pH 9, ozone decomposes rapidly due to the 

presence of the hydroxide ions which reduces its concentration in the liquid phase. The 

results obtained in this study are consistent with those reported in literature, as discussed 

below.  
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Table 11: Effect of pH on mass transfer parameters CAL* and kLa  

 

pH 2 5 9 

CAL
*(mg/L) 9.41 8.51 5.64 

kLa (min-1) 0.19 0.18 0.18 

 

In the ozonation of dyes, the molecular ozonation reaction is preferable, this supports the 

findings outlined previously, as an increase in the removal percentage from 50 % to 90 % was 

found when the pH was altered from pH 10 to pH 3. Therefore, this supports the finding that 

pH does have an effect on ozone decomposition, which is accelerated at higher pH levels 

(Tizaoui & Grima, 2011). In a study looking at the ozonation of phenol, different rate 

constants for the decomposition of ozone into hydroxyl radicals were calculated. These 

results showed a rate of ozone decomposition at pH 2 of 8.3 x 10-5 s-1 while at pH 12 a rate of 

ozone decomposition at 2.1 s-1. This shows that there is increased ozone decomposition at 

higher pH levels, supporting the findings that there is more molecular ozone present in a 

lower pH (Wu et al., 2000). 

 

4.2.2 - Effect of temperature 
 

The effect of temperature on ozone absorption in water was evaluated and the results are 

shown in Figure 20. The figure clearly shows that temperature plays an important role in 

assisting in the absorption of ozone into the water solution. It can be seen that the cold 

solution provides a much better basis for the absorption of ozone, with a significantly higher 

plateau for the CAL at longer absorption times.  At higher temperatures, the vibrational and 

rotational movements of the ozone molecule could have an effect on the absorption of 

ozone, resulting in lower concentrations of ozone being absorbed at higher temperatures 

(Molina & Molina, 1986).  
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Figure 20: effect of temperature on absorption of ozone into the liquid phase (ozone gas 
concentration = 50 g/m3 NTP, pH = 6, oxygen flow rate = 0.5 L/min) 

 

From looking at the values in the table above it can be seen that the cooler temperature has 

a higher CAL
* value, paired with a lower value for kLa. This shows that the higher kLa value is 

also associated with a lower ozone concentration in the liquid phase. If the ozone is more 

soluble at lower temperatures, then a higher mass transfer coefficient from the gas to liquid 

phase would be expected (Galdeano et al., 2018).  

 

Table 12: comparison of CAL
* and kLa values from the effect of temperature 

 

T (oC) 6.5 18.9 32.5 

CAL
*(mg/L) 15.7 8.51 4.79 

kLa (min-1) 0.10 0.18 0.24 
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4.2.3 - Effect of flow rate 
 

The effects of oxygen flow rate on ozone mass transfer were also investigated, (T = 20 oC, pH 

= 6, ozone gas concentration = 50 g/m3 NTP).  

  

a 
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Figure 21: (a) effect of flow rate on absorption of ozone into solution; (b) effect of flow rate 
on kLa, (ozone gas concentration = 50 g/m3 NTP, pH = 6, temp = ~ 20 oC) 

 

From looking at the graph above in Figure 21, it can be seen that the flow rate of oxygen has 

an effect on ozone absorption into water. This would be expected because the flow rate of 

gas passing through the reactor would affect the mass transfer. As the flow of gas increases, 

the distribution of the gas within the liquid increases, as well as mixing, resulting in an 

increased mass transfer (Kapoor et al., 2021). The flow rate of 0.25 L/min has the lowest CAL 

model values, with the absorption of ozone plateauing at a much lower value than the others. 

Both the absorption rates of 0.5 L/min and 0.75 L/min plateau at a similar time, just at 

different values of CAL model. This would be expected with a higher flow rate of oxygen, as 

the concentration gradient of ozone increases at a faster rate than with a lower oxygen flow 

rate. Thus, the effect of oxygen gas flow rate on the saturation concentration is not evident, 

since the inlet ozone gas concentration was the same for all flow rates. This discrepancy as 

observed on Figure 21 could be due to changes in the gas pressure as the flow rate changes, 

which affects the amount of ozone dissolved in water. The higher the flow rate, the higher 

the pressure resulting in a higher CAL
* as depicted in Table 13. Table 13 also shows the 

enhanced mass transfer coefficient, kLa, as the flow rate increased. This effect can be 

predicted by a linear function within the range of flow rates used in this study (Figure 21).  

b 
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Table 13: comparison of CAL
* and kLa values looking at the effect of flow rate 

 

QO2 (L/min) 0.25 0.5 0.75 

CAL
*(mg/L) 6.15 8.51 9.43 

kLa (min-1) 0.10 0.18 0.27 

 

To determine how the effects on the equilibrium gas concentration were determined, an 

additional experiment to investigate the change in pressure for the different flow rates was 

performed. Three variations were conducted in the experimental set up. The first was using 

oxygen as the gas, with no liquid in the reactor. The second was using oxygen as the gas, with 

500 mL DI water in the reactor and the third was using ozone as the gas, with 500 mL DI water 

in the reactor. When the flow rate was altered, the change in the distance of DI water was 

measured equating to a change in pressure. 
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The results can be seen summarised in Table 14 below.  

 

Table 14: Pressure change with gas flow change 

Values obtained for the change in pressure for oxygen gas flow with no liquid in the 

reactor 

Flow (L/min) 0.1 0.25 0.5 0.75 0.93 

∆𝒑  

(mm H2O) 

6 19 42 68 88 

Values obtained for the change in pressure for oxygen gas flow with 500 mL DI water in 

the reactor 

Flow (L/min) 0.09 0.25 0.5 0.76 0.92 

∆𝒑 

(mm H2O) 

137 142 162 179 193 

Values obtained for the change in pressure for ozone gas flow with 500 mL DI water in 

the reactor 

Flow (L/min) 0.26 0.5 0.75 1.02 

∆𝒑 (mm 

H2O) 

159 171 182 202 

 

 

The values in the Table 14 show that the change in gas flow results in a change in pressure 

through the reaction system. This would have an effect on the end concentration of ozone 

absorbed into the system, as a higher pressure would result in more mass transfer of ozone 

into the water (Lau et al., 2004).  

Through looking at the ideal gas law, shown in Equation 17, the relationship for pressure of 

the gas can be determined.  
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Equation 16 

 

𝑃𝑉 = 𝑛𝑅𝑇        Eq.17: Ideal gas equation 

 

 

Where:  

𝑃 is the pressure of the gas, Pa,  

𝑉 is the volume of the gas, m3,  

𝑛 is the number of moles of the gas 

𝑅 is the ideal gas constant, 8.31 J K-1 mol-1 

𝑇 is the temperature, K.  

 

There are some assumptions made to ensure that the ideal gas law can be used (Pan et al., 

1998). These assumptions are: 

- The gas consists of a large number of molecules, that are in random motion and obey 

Newton’s laws of motion. 

- The volume of the molecules is negligible in comparison to the volume occupied by 

the gas. 

- There is no force acting on the molecules, except the forces that occur during any 

collisions of the molecules.  

As the ideal gas equation relates the number of particles to the pressure, the lower the 

pressure, the lower the number of particles in the gas phase that are available for absorption 

into the liquid phase (Kim et al., 2019).  
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4.2.4 - Effect of scavengers 
 

The effect of scavengers on ozone absorption was investigated, using sodium carbonate and 

tert-butanol. These experiments were performed at room temperature and at an ozone 

concentration of 50 g/m3 NTP. Figure 22 shows that ozone absorption in DI water and in the 

presence of t-butanol increased up to a near-saturation (> 8 mg/L) but in the presence of 

carbonate, ozone concentration in the liquid phase obtained after 30 minutes gas bubbling 

was less than 1 mg/L. This indicated that in the presence of carbonate, ozone quickly reacts 

to form other products.  

 

Figure 22: effect of radical scavengers on absorption of ozone into solution (ozone gas 
concentration = 50 g/m3 NTP, pH = 6, temp = ~ 20 oC, oxygen flow rate = 0.5 L/min) 

 

The reaction of carbonate with ozone can disrupt the chain reaction of the hydroxyl radical 

formation and reform ozone within the solution. If this reaction had been left to run for 

longer, it could be seen as to whether the ozone concentration does begin to increase which 

would present the reforming of ozone. The reaction for how carbonate scavenges the 

hydroxyl radicals and converts them into ozone is shown in Figure 23 (Eriksson, 2005 ). At pH 

6, the carbonate in solution would have dissociated to form HCO3
- and CO3

2- which would 

also assist in the acceleration of the production of hydroxyl radicals.  
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Figure 23: Chemical reactions for the conversion of radicals to ozone by carbonate 

 

The reaction of tert-butanol appears to have little impact on the absorption of ozone into the 

water. This is because the addition of tert-butanol, although affecting the hydroxyl radicals, 

has the added benefit of altering the bubble size of the ozone being diffused into the solution. 

The smaller bubbles mean that the ozone mass transfer is increased. As can be seen in the 

data presented in Table 15, the mass transfer coefficient, kLa, for DI water and tert-butanol 

is 0.14 min-1, while for DI water it is 0.18 min-1. The coefficient, kLa, is in fact the sum of the 

mass transfer coefficient and the rate constant of ozone decomposition. This value is reduced 

because of the elimination of radicals by the scavenger, thus, the experimental value of kLa 

can be ignored and the calculated kLa can be taken as the true mass transfer coefficient. 

 

Table 15: comparison of CAL
* and kLa values from different scavengers 

 

 Sodium carbonate Pure water Tert-butanol 

CAL
* (mg/L) Negligible 8.51 9.10 

kLa (min-1) N/A 0.18 0.14 
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Chapter 5 - Ozone Degradation of Chemical Contaminants 
 

Throughout this sub section of the thesis, the effect of different conditions on the 

degradation of three chemical contaminants were investigated to decipher the best set of 

reaction conditions for the fastest and most efficient rate of degradation within wastewater.  

 

The chemicals that were investigated are: 

- Fluoranthene 

- Di (2- ethyl hexyl) phthalate 

- Cypermethrin  

 

The following conditions and variables were investigated: 

- Effect of oxygenating solution 

- Effect of pH 

- Effect of temperature  

- Effect of a radical scavenger  

 

The findings are all outlined in this chapter.  
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5.1 - FLT analysis 
 

5.1.1 - UV-Vis Analysis  
 

Fluoranthene (FLT) is a solid with very low water solubility which makes the production of an 

aqueous solution difficult. The solubility of fluoranthene has been found to be 265 µg/L 

(Agency & 1980). The analysis of the solution of this concentration with UV-Vis resulted in no 

changes in the spectrum being observed, highlighting that the concentration would be too 

low for appropriate absorption. This meant that the analysis of the concentration of FLT 

within the water samples had to be analysed by another, more appropriate technique, which 

would allow the concentration change over time to be adequately analysed.  

As a clear identification of FLT could not be made through UV-Vis analysis, alternative 

methods of analysis needed to be found. 

 

5.1.2 - Fluorescence Analysis 

 

The analysis of FLT presence in aqueous solution was trialled using the fluorimeter. This 

included the sample of FLT in water being placed in the fluorimeter and excited at a certain 

wavelength of light. Through the investigations using fluorescence, it was seen that a 

spectrum was obtained for the presence of FLT within solution. This enabled the excitation 

and emission wavelength values to be obtained and used for further analysis.  

The pairs were obtained through investigating the highest peak obtained for the emission 

and then comparing this by exciting the solution at this peak emission wavelength. The peak 

wavelengths were found to be 285 nm and 466 nm.  

These wavelengths were then incorporated into the HPLC analysis method, which means that 

throughout the analysis, the samples and separated fractions were excited and emitted at 

the specified wavelengths to give a clear peak for analysis.  
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5.1.3 - HPLC Analysis 

 

HPLC Analysis was performed following the method outlined in the methodology section. 

 

5.1.3.1 - Calibration Curve 

 

To equate the peak areas obtained from the HPLC analysis to concentration, a calibration 

curve needed to be produced using samples of known concentrations of FLT. As the 

concentration of the FLT solutions used for the analysis were a maximum concentration of 

0.05 mg/L, a maximum concentration of 0.1 mg/L was chosen as the highest concentration 

for the calibration curve production to ensure that the values obtained fell well within the 

calibration curve. The minimum value was a sample of pure water, with the FLT 

concentration being 0 mg/L. Three samples were chosen in the middle, with concentrations 

of 0.025 mg/L, 0.0125 mg/L and 0.00625 mg/L. These samples were all prepared from the 

FLT solution and pure water. The samples were all analysed using FLD analysis within the 

HPLC, and a graph was plotted comparing the peak area obtained with a retention time of 

approximately 1.7 minutes and the known concentration of the samples.   

In using the HPLC, a guard for the column was installed to ensure the integrity of the column 

performance was maintained throughout the extensive analysis performed. However, the 

installation of this guard meant that the retention time for FLT was altered, as well as the 

peak areas relating to the concentration of the sample. Another calibration curve needed to 

be obtained to ensure that the accurate comparison of peak area to FLT concentration could 

be determined to enhance the analysis of the concentration degradation of FLT for future 

experimentation. The graph shown below in Figure 24 shows the alternative calibration curve 

obtained, which was then used for analysis of all experiments performed once the guards 

had been installed.  
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Figure 24: Calibration curve obtained for FLT once guards were installed on the column 

 

From the graph in Figure 24, an alternative equation can be found that equates both the FLT 

concentration and the peak area. The equation used can be seen below in Equation 18.  

 

Equation 17 

 

𝑦 = 0.0197𝑥     Eq. 18: equation obtained from the calibration curve 
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5.1.4 - Effect of oxygenating solution 

 

To ensure that the degradation of FLT investigated occurred via oxidation from ozone as 

opposed to a reaction using pure oxygen, a reaction where the gas flowing into the reactor 

was pure oxygen was trialled. If degradation of FLT could still be seen from this reaction, then 

the FLT would be very volatile and so merely the flow of a gas into the solution would cause 

the FLT to degrade and evaporate. The graph shown below in Figure 25 shows that this was 

not the case and the concentration of FLT within the solution remained constant and no 

degradation occurred. This means that for all future experimentation it can be said with some 

certainty that the degradation of FLT does occur via ozonation and can then be investigated 

as the treatment technique for the FLT removal from wastewater. 

 

Figure 25: Graph depicting the effect of flowing oxygen into solution on FLT degradation 

(oxygen flow rate = 0.5 L/min, pH = 6, temp = ~ 20 oC) 
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5.1.5 - Effect of ozone concentration 

 

The effects of ozone concentration were investigated by performing a reaction at 50 g/m3 

NTP. However, the reaction was too fast meaning that no monitoring of the FLT 

concentration could effectively occur. Therefore, the effect of ozone concentration was not 

investigated further, instead all experiments were performed at 20 g/m3 NTP to allow for 

appropriate monitoring for the degradation of FLT with ozonation. The rate of degradation 

seen was positive, showing that large amounts of FLT in solution were degraded within 2 

minutes of ozonation.  

 

5.1.6 - Effect of pH 

 

When looking at the effects that the pH of the solution has on the degradation of 

fluoranthene, a solution of FLT begins at the same concentration to ensure that the 

comparison is fair. The flow of oxygen and concentration of ozone produced is also kept 

constant. Temperature also remained constant.  
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Figure 26: Graph comparing the effects of pH on FLT degradation (ozone gas concentration = 

20 g/m3 NTP, temp = ~ 20 oC, oxygen flow rate = 0.5 L/min) 

 

In Figure 26, it shows that the pH of the solution does have an effect on the rate of 

degradation of the fluoroanthene. The speed of degradation was significantly increased with 

a pH of 2 than it was with the pH of 9. This is represented through the significant gradient 

difference shown between the pH 2 and pH 9 model lines. The gradient for pH 2 is much 

steeper, showing that the degradation of fluoroanthene occurred more rapidly. However, 

with the reaction at pH 2 being so fast, it meant that monitoring the reaction was difficult, as 

more samples could not be taken within the time frame to have a better understanding of 

the reaction kinetics. Within 30 seconds, most of the fluoroanthene had been degraded, 

which resulted in the very steep curve. Although this reaction mixture pH appears to be the 

most efficient way to degrade FLT rapidly, there could be more errors associated with this 

line due to the speed of degradation being faster than the speed that samples can be taken.  

The data collected for pH 9 was significantly slower in comparison to both pH 2 and pH 6. 

This is shown through it having the shallowest gradient on the graph. This follows the 

relationship discussed previously for the absorption of ozone into solution at different pH 
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levels, with the lowest pH showing an increased absorption of ozone in comparison to a high, 

alkaline pH.  

At solutions of a higher pH, the concentration of hydroxyl radicals within the solution would 

increase, whereas in a solution of a lower pH, the hydroxyl radicals would be less prevalent, 

meaning oxidation would occur primarily via molecular ozonation. When looking at the 

chemical of interest here, the oxidation process that would be most effective would be 

molecular ozone, this explains why the rate of degradation is so much faster at pH 2 for 

fluoranthene.  

When looking at the structural formula for fluoranthene, there are three benzene rings 

within the structrue, which would result in a high density of double bonds. This means that 

the reaction with ozone occurs via direct ozonation rather than indirect ozonation in this 

instance. Therefore, a lower pH would result in a better degredation of fluoranthene, as at a 

higher pH there would instead be more hydroxyl radicals present which would favour indirect 

ozonation. Due to this specific degradation being via direct ozonation, the increased number 

of hydroxyl radicals would decrease the ozone concentration resulting in a slower rate of 

degradation as shown in the graph (Khuntia et al., 2015).   

pKa is a value that refers to the negative log value of the Ka, which is the acidity constant. 

The Ka value is obtained from the equilibrium equation of a weak acid and provides a value 

for the ionising potential of a compound within solution, typically water (Kutt et al., 2018). 

The value of pKa, allows compounds to be compared by their relative acidity. (Seybold & 

Sheilds, 2015).  

The pKa value of fluoranthene is recorded in literature as being higher than 15 (Christensen 

et al., 1975). This is a high pKa value and would infer that FLT is not a strongly acidic 

compound. The higher the pKa value, the tighter that a proton can be held to the compound, 

so the high pKa value for fluoranthene would suggets that protons would have a high affinity 

to the compound structure. This would be expected due to the pi bonding orbitals 

surrounding the benzene ring, which would mean that the ring is surrounded by a ‘cloud’ of 

negative charge (Hilberty et al., 1995). There are many techniques that can be used to 

protonate the molecule.  
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Despite pH 2 having the fastest rate of FLT degradation, pH 6 would be taken forward for 

further investigation. This is because the rate of degradation can be monitored slightly more 

effectively than the degradation with pH 2 due to the reaction speed, as well as a more 

neutral pH being more environmentally friendly and more appropropriate for treating 

wastewater. This is due to the fact that if solutions of varying pH were used, additional 

treatment could be required to ensure the wastewater obtained after treatment is at a pH 

suitable for the use of the water once treatment has been completed.  

 

Figure 27: Effect of pH on ozone concentration (ozone gas concentration = 20 g/m3 NTP, temp 

= ~ 20 oC, oxygen flow rate = 0.5 L/min) 

 

Figure 27 shows the effect of pH on the concentration of ozone absorbed into the solution. 

The indigo method is not 100% accurate to determine the concentration of ozone within 

solution, this is because the reaction between the indigo solution and ozone may not have 

gone to completion. Also, the sample of ozonated water taken may not have been thoroughly 

mixed meaning an accurate value cannot be obtained. This explains why the lines shown in 

Figure 27 do not all pass through the origin, as the calculated values for concentration rely 

on the experimental absorption values obtained.  
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These values were obtained using the indigo method and measuring the absorption 

differences of these samples in indigo reacted with ozone and pure indigo solution. When 

comparing the ozone concentration of a solution at pH 2 and pH 9, it can be seen that there 

are vast differences in the ozone concentration obtained. This supports the conclusion made 

previously that ozonation occurs directly via molecular ozone at low pH levels and that the 

ozone is converted into hydroxyl radicals at higher pH values. The ozone decomposition is 

increased at higher pH values, which supports the decrease in ozone concentration seen. The 

indigo method would only detect the molecular ozone within the solution, and the higher 

concentration of this would support the faster rate of reaction that occurs in the lower pH 

levels.  

 

5.1.7 - Effects of temperature 

 

 

Figure 28: Effect of temperature on FLT degradation (ozone gas concentration = 20 g/m3 NTP, 

pH = 6, oxygen flow rate = 0.5 L/min) 
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When looking at the temperature comparison of the degradation of FLT by ozone, there are 

two main factors to consider which can act as competing factors. As temperature increases, 

the rate of the reaction should increase, (Barrow, 1992), which can be seen by comparing the 

data obtained for 20 degrees and 15 degrees. The data at 20 degrees shows a slightly steeper 

slope of degradation initially in comparison. The second factor that can have a large impact 

on the rate of degradation of FLT in solution is the ozone absorption into the liquid phase. 

The more ozone that is absorbed into the liquid phase, the more ozone that is available to 

then oxidise the FLT and result in the degradation. It is shown that ozone absorbs significantly 

better into water and solution at cooler temperatures in comparison to warmer 

temperatures (Molina & Molina, 1986). This can be seen in the significant difference in the 

data obtained for 5 degrees and 30 degrees. The more ozone absorbed into the solution at 5 

degrees would then mean the concentration of ozone in the liquid phase would be 

significantly higher. This would then increase the oxidation of FLT by molecular ozone in the 

solution which results in the much faster rate of degradation.  

There will be a point where these two factors are competing. The rate of reaction would be 

more favourable at a certain temperature, which would be less favourable for the absorption 

of ozone. A balance between these is shown with the 15 degrees and 20 degrees data sets, 

where 20 degrees has a faster rate of reaction than 15 degrees, despite the fact that 15 

degrees is a cooler temperature and would therefore favour an increase of molecular ozone 

absorption into solution.   

It can be assumed that the reaction of FLT and ozone occurs via a 1st order rate of reaction. 

Therefore, following data analysis, the values for the rate constant can be determined for the 

reaction rate for each temperature investigated. These values are shown below in Table 16.  

 

Table 16: temperature effects on rate constants 

 

Temperature (°C) Rate constant (k) 

(min-1) 

5 2.74 

15 1.23 

20 2.82 

30 1.71 
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From taking these values obtained from the assumption of the 1st order reaction, further data 

analysis can be carried out to calculate the activation energy of the reaction system.  

A graph plotting the natural log of the rate constants and 1 over the temperature in kelvin 

can be plotted and the gradient can then be used to determine the activation energy of the 

reaction using the Arrhenius equation, as shown in Equation 19. 

 

Equation 18 

 

𝑘 = 𝐴 𝑒− 
𝐸𝑎

𝑅𝑇        Eq. 19: Arrhenius Equation 

 

The gradient of this graph will be equal to − 
𝐸𝑎

𝑅
 , which will allow the activation energy for 

the reaction to be determined. The graph below shows the gradient when the values of ln k 

and 1/T are plotted against each other.  

As the data points were very varied, resulting in the values for the rate constant following no 

trend, it can be assumed that due to the low solubility of the fluoranthene in water, the 

values obtained at 5 degrees would be unreliable and the concentrations calculated not 

necessarily a fair reflection of the solution due to this solubility issue. The most reliable data 

points would be 15 degrees and 20 degrees, due to these both being in the region where 

ozone solubility would be at an acceptable threshold, whilst the contaminant would also be 

soluble enough in the solution. From this observation, a graph of 1/T in kelvin and ln (k) can 

be plotted from the Arrhenius equation. From this graph, the activation energy for the 

oxidation of fluoranthene via ozonation can be determined.  

This gradient of this relationship can then be used to calculate the activation energy of the 

reaction using the Arrhenius equation (Equation 17). The activation energy of this reaction is 

calculated to be 12 kJ (Laidler, 1984). This would be beneficial within the wastewater 

treatment industry as an energy source would not be required to stimulate the reaction 

which would reduce the costs of treatment.  
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5.1.8 - Effect of tert-butanol  

 

The effect of tert-butanol in the solution was investigated to observe the effects that a radical 

scavenger has on the ozonation and therefore degradation of FLT within the solution.  

 

 

Figure 29: Effect of tert-butanol on FLT degradation (ozone gas concentration = 20 g/m3 NTP, 

temp = ~ 20 oC, oxygen flow rate = 0.5 L/min, pH = 6) 

 

The reaction with tert-butanol within the solution was conducted under the same conditions 

as previously used, to allow a comparison to be made between the addition of a scavenger 

and no additive into the solution. As stated previously, the presence of the scavenger in 

solution means that the number of hydroxyl radicals in solution resulting from the ozone 

decomposition decreases.  
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Due to the structure of FLT, oxidation is more likely to occur effectively via molecular 

ozonation, therefore, by having a scavenger in solution to decrease the amount of hydroxyl 

radicals and increase the amount of molecular ozone in solution, the reaction should be more 

effective. From looking at the graph in Figure 29, it can be seen that this was true. When tert-

butanol was added into solution, the rate of FLT degradation was increased, shown by the 

steeper gradient of the line within the first 20 seconds. This supports the fact that FLT 

degradation would be more efficient via molecular ozonation than with hydroxyl radicals and 

suggests that while oxidation of FLT does occur with a combination of hydroxyl radicals and 

ozone molecules, it is a more efficient method when hydroxyl radicals are taken out of the 

equation. Tert-butanol also has an effect on the size of the bubbles of ozone that diffused 

into solution. This could have an effect on the reaction kinetics as the smaller bubbles can 

increase the mass transfer of ozone into the solution (Tizaoui et al., 2009). This would then 

increase the rate of reaction and therefore, the degradation rate of FLT in solution.  

 

5.1.9 - Stoichiometric Effects 

 

The stoichiometric relationship between ozone and FLT was investigated with a standard 

concentration solution of ozonated water and this being reacted at different volumes with a 

standard concentration solution of FLT. The relationship can be seen in Figure 30. The graph 

represents the change in volume of the ozonated water used, in comparison to the ratio of 

the change in moles of ozone before and after the reaction, as well as the change in moles 

of the FLT before and after the reaction.  
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Figure 30: Relationship between the volume of ozonated water used in the reaction and the 
ratio of change of moles of ozone throughout the reaction and change of moles of FLT 
throughout the reaction 

 

The graph in Figure 30 shows an exponential relationship between volume of ozonated water 

and the stoichiometric ratio, which proves that there is a point within the reaction where the 

amount of ozone does not alter the stoichiometric relationship, and this causes the plot to 

plateau. This suggests that the optimum stoichiometric ratio for FLT and ozone has a ratio of 

around 7 mmol at a volume of 1.3 mL of ozonated water at a concentration of ~ 4 mg/L.  
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5.1.10 - Summary of findings 

 

To conclude this section of findings for the analysis of the reaction conditions, the following 

results and conditions were found to be most favourable for the increased rate of 

degradation of FLT by ozone.  

- Ozone was found to degrade FLT within the solution. 

- Oxygen did not cause the concentration of FLT within solution to decrease.  

- A lower, more acidic pH was found to preferable for the degradation of FLT.  

- A lower temperature was shown to have a faster rate of degradation, however there 

is the problem of solubility being decreased at a lower temperature.  

- The addition of a radical scavenger into solution increased the rate of degradation of 

FLT.  
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5.2 - DEHP analysis 

 

5.2.1 - UV-Vis Analysis 

 

The solubility of di (2- ethyl hexyl) phthalate is very low, found to be 0.041 µg/L (Leyder & 

Boulanger, 1983) in water, but showing higher levels of solubility in organic solvents. When 

analysing a solution of DEHP in water with UV-Vis, no signal was obtained. This highlighted 

that the concentration of DEHP present within the solution was too low for appropriate 

analysis to be conducted. Due to the low solubility, the concentration in solution could not 

be increased to improve UV detection, therefore, an alternative method of analysis needed 

to be used.  

 

5.2.2 - Fluorescence Analysis 

 

As the analysis of DEHP with UV-Vis did not result in any clear peaks, another form of analysis 

to determine the presence of DEHP needed to be determined. The fluorescence of the 

compound was investigated to see if this could be an appropriate technique. Due to the low 

solubility of DEHP in water, a solution of a low concentration of DEHP in water was created 

and the fluorescence pairs analysed. The emission and excitation pairs were determined to 

be used in further analysis. For DEHP, the combination of emission and excitation 

wavelengths that had the highest peak values and therefore could be noted down for further 

analysis were found to be 285 nm and 466 nm, respectively.  

This pair of wavelengths could then be incorporated into further analysis for determination 

of how the concentration varies over time with DEHP degradation. This was performed by 

solutions of 0.05 mg/L of DEHP in water being prepared and ozonated over time, with 

samples being taken at regular intervals to monitor the degradation of DEHP via ozonation. 

Through using this technique, an exponential decay could be seen for DEHP degradation once 

ozone was applied into the solution.  
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5.2.3 - HPLC Analysis 

 

HPLC Analysis was performed following the method outlined in the methodology section. 

 

5.2.3.1 - Calibration Curve 

 

Samples of varying concentrations were prepared to allow a calibration curve to be created, 

equating peak area to concentration values. The original attempts of the calibration curve 

caused some issues, with higher concentrations of DEHP in the solutions causing 

contamination within the HPLC system and the column within it. The structure of DEHP 

meant that the arms of the compound could get stuck on the column, resulting in the 

concentration readings being too high or invalid. This was solved by using more dilutions of 

DEHP in solution, so the concentration of DEHP in the injections into the machine was lower. 

This resulted in more reliable results from the HPLC for use with the calibration curve, but 

also meant that the concentration range was adjusted for the experiments, meaning that 

reliable data was produced.  

The calibration curve obtained can be seen below in Figure 31. This equates the peak areas 

obtained from the HPLC with the known concentration of DEHP contained within the samples 

injected. This can be used to equate the peak areas obtained from different experimentation 

samples to the real known concentrations, to allow proper analysis to be performed. For 

HPLC analysis, an isocratic solvent phase was used consisting of 85 % acetonitrile and 15 % 

water. To obtain high enough concentrations to complete the calibration curve, partial 

methanol solutions were prepared.  
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Figure 31: calibration curve for the first peak shown in the HPLC analysis for DEHP 
concentration 

 

In the graph shown above in Figure 31, the calibration curve for the DEHP peak can be seen. 

From equating a line of best fit within the data points, an equation for the line to generate 

the DEHP concentration from peak area can be generated and then used for further 

calculations of the concentrations. The equation for this graph can be seen below in Equation 

20.  

 

 

Equation 19 

 

𝑦 = 0.0485 𝑥      Eq. 20: Equation for the calibration curve 
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5.2.4 - Oxygenation of DEHP 

 

To confirm whether the addition of ozone into solution was actually the result of the 

decrease of concentration within the experiments, it first needed to be proven whether the 

concentration of DEHP was decreased solely from the addition of a gas flow into the solution. 

If the substance within the solution was particularly volatile, then the addition of a gas flow 

into the solution would result in the concentration of DEHP decreasing. Therefore, it could 

not be said that ozone provides degradation of this compound within solution.  

When conducting this experiment, it was seen that there was no change in the concentration 

of DEHP in any of the samples taken over time, therefore, it can be said that merely by the 

flow of oxygen into the solution, the concentration of DEHP does not decrease. This proves 

that any data and results that are obtained from the ozonation experiments are only due to 

the process of removal or degradation of the compound by the addition of ozone and the 

subsequent oxidation that occurs.  

 

5.2.5 - Ozonation of DEHP 

 

The ozonation of DEHP was investigated and the conditions for the experimentation were 

determined. For DEHP, an ozone gas concentration of 20 g/m3 NTP was used, and samples 

were extracted every minute for four minutes of ozonation. The DEHP was shown to degrade 

under the presence of ozone, which would be expected due to the structure of DEHP having 

long hydrocarbon chains attached to the central benzene ring. This would make the benzene 

ring very susceptible to the oxidation of ozone and would be easily attacked within the 

solution.  
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Figure 32: ozonation of DEHP (ozone gas concentration = 20 g/m3 NTP, temp = ~ 20 oC, oxygen 

flow rate = 0.5 L/min, pH = 6) 

The optimum conditions for ozone concentration were taken forward for the rest of the 

experiments looking at the degradation of DEHP in solution via ozonation. The ozonation and 

degradation of DEHP occurred in a similar time frame to that of FLT which is at a fast rate of 

reaction, which would be beneficial within industry.  

 

5.2.6 - Effect of pH 

 

The effect of pH was investigated by spiking solutions of DEHP to certain pH levels. The 

reactions were then carried out as stated previously, with an ozone concentration of 20 g/m3 

NTP and the change in concentration of DEHP monitored over 4 minutes.  
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Figure 33: effect of pH (ozone gas concentration = 20 g/m3 NTP, temp = ~ 20 oC, oxygen flow 
rate = 0.5 L/min) 

 

The graph above in Figure 33 shows the effect that the change in pH had on the degradation 

of DEHP by ozonation. The pH was altered by spiking the solution of DI water and DEHP with 

hydrochloric acid and sodium hydroxide until the pH was recorded as pH 2, pH 6 and pH 9, 

respectively. The pH was measured with a pH probe in the solution until the pH stabilised at 

the desired pH for the experiment. The experiments were all performed at room 

temperature (20 oC), with an ozone gas concentration of 20 g/m3 NTP and a pure oxygen flow 

rate of 0.5 L/min.  

When looking at the graph shown above in Figure 33, no clear trend about the effect of pH 

can be seen. pH 6 is shown as the most favourable pH of the solution to maximise the 

degradation of DEHP in solution.  
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When looking at the effect of pH on chemical degradation, the most effective pH to maximise 

the degradation will depend on the reaction mechanism that occurs in the solution. With a 

lower pH the mechanism would be more likely to proceed via a molecular ozone mechanism 

for oxidation, whereas, with a higher pH, the degradation is more likely to occur via the 

generation and presence of hydroxyl radicals within the solution. As pH 6 is shown as the 

most favourable pH for the rate of degradation by a significant margin, there could be no 

clear mechanism of oxidation that occurs within the solution, and instead a combination of 

both molecular ozone and the generation of radicals is preferable. When looking at the 

chemical structure of DEHP this could be explained with the oxidation of the benzene ring 

being more likely to occur via the oxidation of molecular ozone. Whereas, when looking at 

the long chain hydrocarbon arms on the benzene ring, these may be more likely to be 

degraded with hydroxyl radicals, due to how easy they are to attack. The pH of the solution 

will affect the structure of the DEHP compound, meaning that pH will result in the molecules 

not all having the same molecular configuration. This would explain why trends were not 

easily identifiable within the pH analysis.  

From looking at the graph, the degradation rates of pH 2 and pH 9 are very similar, this could 

again be due to the fact that neither mechanism is greatly favourable to the degradation of 

DEHP. Therefore, at a lower pH only certain aspects of the molecule are being degraded and 

vice versa at a higher pH.  

The pKa value of DEHP is found in literature to be around ~ 6.7 (The-Metabolomics-

Innovation-Centre). This pKa value would suggest that the compound would readily 

dissociate. Below the pKa value of 6.7 it would be protonated at the oxygen, whereas above 

this value of 6.7, there would not be protonation at the oxygen.  
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Figure 34: Protonation of DEHP molecule 

 

5.2.7 - Effect of temperature 

 

Temperature effects on the degradation of DEHP were investigated. 

The graph to compare the degradation rates of DEHP, can be seen below in Figure 35. 

However, when looking for trends within the graph, there is no clear trend visible.  

 

Figure 35: effect of temperature on DEHP degradation (ozone gas concentration = 20 g/m3 
NTP, pH = 6, oxygen flow rate = 0.5 L/min) 
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There is a little difference in the degradation rates when comparing the rate at 25 oC and 

other temperatures. This could be expected because at a higher temperature the rate of 

reaction would be faster, and the ozone solubility would be better at the lower temperatures. 

The rate constants can be obtained from looking at the data points, and if the rate would 

conform to a first order reaction system. The rate constants can be seen highlighted below 

in Table 17. There is not much variation in the rate constants obtained from this temperature 

analysis, this could be due to the small variation in temperature values used. There is a slight 

increase in the rate constant for 30 degrees which supports that the rate of reaction increases 

as the temperature increases.  

Table 17: rate constants calculated for the different temperatures used to investigate the 
degradation of DEHP 

 

Temperature (oC) Rate constant, k (min-1) 

15 1.98 

20 1.90 

25 1.73 

30 2.04 

 

The rate constants can then be used to calculate the activation energy of the reaction system 

and determine the effectiveness of ozone to oxidise the DEHP contaminant within the water. 

These rate constants can be plotted as the natural log of the values against the inverse of the 

temperature values in Kelvin. The gradient of the line would then be equal to the activation 

energy divided by the gas constant.  

The gradient can be calculated, which was found to be 1129.2. From this, the activation 

energy of the reaction is calculated to be 9 kJ. This suggests that although the reaction would 

occur naturally when ozone is applied into the solution, energy supplied into the solution 

would assist in the speed of the reaction, hence increasing the effectiveness of the ozonation 

on the oxidation of DEHP. 
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5.2.8 - Effect of scavengers 

 

The effect of a hydroxyl scavenger within solution on the degradation of DEHP can be seen 

in the graph below in Figure 36.  A concentration of 100 mM of tert-butanol was added into 

the solution, that was kept at 20 oC, a pure oxygen flow rate of 0.5 L/min and an ozone gas 

concentration of 20 g/m3 NTP was used. Samples were taken at the same time intervals as 

before (one sample taken every minute, for 4 minutes) to analyse the effect of a scavenger 

on the degradation of DEHP. The data obtained from the tert-butanol effect experiment was 

then combined with the data from the ozonation of DEHP with the same conditions, but 

without tert-butanol, to understand the effect of a scavenger on the degradation.  

 

Figure 36: effect of the presence of a radical scavenger (ozone gas concentration = 20 g/m3 

NTP, temp = ~ 20 oC, oxygen flow rate = 0.5 L/min, pH = 6) 
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The graph above in Figure 36 shows the effect of adding a radical scavenger into the reaction 

mixture. Tert-butanol was chosen to be the radical scavenger. From looking at the trends in 

the graph, the addition of a scavenger does not affect the rate of degradation of DEHP in 

solution. This again supports the discussion that the whole molecule is not oxidised by a 

singular oxidation mechanism. The removal of the hydroxyl radicals has little effect on the 

rate of degradation, which could mean that when there are no radicals, the oxidation occurs 

via molecular ozonation. However, when the radicals are present in the solution, it is no more 

favourable, so the addition of a radical scavenger into solution does not seem to hinder or 

enhance the degradation process.  

 

5.2.9 - Stoichiometric Analysis  

 

The stoichiometric analysis of the relationship between DEHP and ozone was investigated. 

For this experimentation, a standard solution of ozonated water was prepared, and different 

volumes of solutions were mixed as outlined in the methodology.  

For the analytical representation of the data, the volume of ozonated water added to the 

solution was plotted against a relationship. The relationship compared the change in moles 

of ozone both before and after the reaction, to a change in the number of moles of DEHP, 

measured both before and after the reaction. The results can be seen plotted on the graph 

below in Figure 37.  
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Figure 37: stoichiometric relationship between DEHP concentration and ozone concentration 

 

The graph in Figure 37 shows the relationship obtained. From this, the stoichiometric 

relationship can be determined. The y axis shows the ratio between the change on moles of 

ozone throughout the reaction compared to the change in moles of DEHP. Throughout the 

reaction, the amount of moles of both ozone and DHEP decrease, due to the ozone reacting 

with the DEHP to oxidise it to other molecules and the ozone concentration decreasing as it 

is oxidising the molecules in the solution or being decomposed into hydroxyl radicals.  

From this analysis, an observation can be made regarding the best volume of ozone required 

to reduce the relationship of DEHP and ozone to a suitable level for the experimentation.  

Through analysing the data, a specific ratio for DEHP can be determined, and this relationship 

will change depending on the chemical of interest being oxidised from ozone. The large ratio 

found here suggests that a large volume of ozone is required to fully oxidise the DEHP in 

comparison to FLT. This implies that the DEHP molecule was harder to oxidise, which follows 

the other results highlighted in this section.  
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5.2.10 - Summary of findings 

 

In summary, ozone can be used to oxidise DEHP in solution and reduce the concentration of 

the contaminants in the solution. The conditions that were found to be preferable in 

speeding up the reaction process can be seen highlighted below.  

 

- Ozone was able to degrade DEHP effectively to minimal concentrations within the 

solution. 

- When the solution was oxygenated, there was no degradation of DEHP, highlighting 

that the degradation was in fact due to ozonation. 

- pH 6 was preferable for the degradation of DEHP. 

- A temperature of 15oC / 20oC would be preferable to maximise the ozone solubility 

in the solution, enhancing the availability of ozone for oxidation. 

- Scavengers did neither increase the reaction scheme nor decrease the reaction 

scheme. 
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5.3 - CYM Analysis  

 

5.3.1 - UV-Vis Analysis  

 

The solubility of cypermethrin is very low in water, at 0.01 mg/L, (Abramovitch et al., 1996). 

To determine the best process to analyse the change in concentration of CYM, UV-Vis analysis 

was tested on a solution of CYM in water to identify if the UV Vis spectrum is easily obtained 

and whether CYM is actually visible on the UV-Vis spectrum. The CYM was observed on the 

UV-Vis spectrum as shown in Figure 38 below, this meant that a peak could be seen at 214 

nm and 220 nm, which allowed these peak wavelength values to be used for further analysis 

of the concentration of CYM in solutions of water.  

 

Figure 38: UV-Vis spectrum 
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5.3.2 - Fluorescence Analysis 

 

The fluorescence of CYM was also investigated to see if this provided clearer results than the 

UV-Vis for analysis of CYM in solutions of water. Again, due to the low solubility of CYM in 

water solutions, a solution of low concentration was prepared and then used for analysis in 

the fluorimeter. The emission and excitation pairs were analysed. However, in this case the 

pairs were not very clear and therefore it was determined that CYM was not a very 

fluorescent compound, and that future analysis for the concentration would be determined 

using DAD and the UV-Vis peaks that had been seen.  

 

5.3.3 - HPLC Analysis  

 

HPLC Analysis was performed with the method outlined in the methodology section. 

 

5.3.3.1 - Calibration Curve 

 

To allow a comparison to be made between the peak areas given by the DAD and the HPLC 

and the concentration of the CYM in the solution, a calibration curve needed to be 

constructed. The calibration curve was constructed by samples being made of a specific 

known concentration of CYM in water and running these samples through the HPLC to give 

the corresponding peak area. As the concentration of CYM was known, a graph could be 

plotted comparing the concentration of CYM in solution and the peak area given by the DAD 

analysis. The graph can be seen below in Figure 39. To allow the solutions to be prepared at 

concentrations suitable to construct a calibration curve, the solutions were prepared in 

partial methanol solutions.  
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Figure 39: calibration curve for the HPLC analysis of CYM 

 

From looking at the calibration curve, a line of best fit can be plotted and then an equation 

of this line can be determined. This gives the equation to be used to equate the peak area 

given from the HPLC analysis to equate it to the concentration of CYM in that solution. This 

was necessary to observe the degradation of CYM in solution and to be able to determine 

the limits there were within the reaction system, also allowing it to be determined if the use 

of ozonation provided appropriate levels of degradation of the contaminant.  

The equation for the graph can be seen below in Equation 21, which was then used 

throughout the rest of the analysis.  

 

Equation 20 

 

𝑦 = 0.0164 𝑥    Eq. 21: equation determined from the calibration curve 
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5.3.4 - Oxygenation of CYM 

 

When analysing the effect of ozonation on the degradation of CYM in solution, it is important 

to determine if the degradation and decrease in the concentration of CYM was definitely 

from the addition of ozone into the solution and not just from the addition of a gas bubbling 

into the solution, which would result in the contaminant in the water being extremely volatile 

and being displaced from the solution due to this.  

To determine this, pure oxygen was bubbled into the solution and samples taken over time. 

These samples were then analysed for the concentration of CYM in the samples and the 

concentration compared. Following this, it could be seen that the addition of oxygen into the 

solution had no effect on the concentration of CYM and therefore, all conclusions drawn from 

the further analysis can be confidently due to the effect of ozone within the solutions and 

not because of the mere addition of a gas into the solution.  

 

5.3.5 - Ozonation of CYM 

 

The ozonation of CYM was investigated to identify if it was an appropriate method for the 

degradation for CYM in solution and whether ozone did in fact have any oxidative potential 

for the oxidation of CYM. An ozone gas concentration of 20 g/m3 NTP was used and a 

temperature of 20 oC. Also, a pure oxygen gas flow rate of 0.5 L/min was used with a solution 

of pH 6. Samples were taken at regular intervals over 10 minutes throughout the experiment 

and once the samples had been extracted, oxygen was bubbled into the samples to remove 

the ozone from the solution. This ensured the ozonation reaction had stopped. This would 

otherwise have affected the trends seen, as ozone could have continued to degrade the 

samples once they had been extracted.  
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Figure 40: ozonation of CYM (ozone gas concentration = 20 g/m3 NTP, temp = ~ 20 oC, oxygen 

flow rate = 0.5 L/min, pH = 6) 

 

From looking at the graph in Figure 40, it can be seen that ozonation did in fact cause the 

degradation of CYM in solution, and therefore further analysis will be performed to find the 

optimum conditions for the most efficient rate of degradation of CYM in solution. The ozone 

gas concentration of 20 g/m3 NTP provided sufficient degradation of CYM in water over 10 

minutes, providing concentrations within solutions that were easy to monitor throughout the 

process of the reaction.  
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5.3.6 - Effect of pH 

 

The effect of pH was investigated.  

As the concentration of the CYM samples were analysed with DAD, once the solutions had 

been spiked to alter the pH, there was no longer a signal for the concentration of CYM in 

solution. Therefore, the effects of pH could not be analysed appropriately to give any results.   

 

When looking in literature at the dissociation of cypermethrin at different pH levels, it can be 

found that there is no dissociation of this compound in different pH solutions (Database, 

2023). This would mean that no pH level would have a clear increase on the degradation rate 

of cypermethrin. Therefore,  a neutral pH of pH 6 / 7 would be preferable for this reaction, 

as the pH would have no effect on the degradation rate of cypermethrin and due to this a 

neutral solution would not provide any adverse effects to the environment, especially when 

looking at the treatment of wastewater. A study has shown degradation of CYM in solution 

at pH 9, however, the degradation took 30 minutes which is longer than the degradation 

speed found previously. (Wu, 2007)  

 

5.3.7 - Effect of temperature 

 

The effect of temperature on the degradation of CYM was monitored at four temperatures: 

15 oC, 20 oC, 25 oC, and 30 oC. Samples were taken at regular time intervals and concentrations 

were calculated from the peak areas from the HPLC.  

The graph below in Figure 41 shows the gradients and relationship with the degradation of 

CYM by ozonation in solution.  
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Figure 41: degradation of CYM by ozonation at different temperatures (ozone gas 

concentration = 20 g/m3 NTP, oxygen flow rate = 0.5 L/min, pH = 6) 

 

From looking at the trends appearing on the graph above in Figure 41, a trend can be seen 

where the most preferable temperature was found to be 15 oC. This would be expected as 

the ozone solubility in water is increased at lower temperatures, and the more ozone 

absorbed within the solution, which would then increase the ozone present within the 

solution to ozonate the CYM (Molina & Molina, 1986). A similar trend can be seen with the 

highest temperature, with this also being a favourable temperature, which could be due to 

the higher rate of reaction associated with more energy being within the reaction. The 

temperature experiment conducted at 25 oC was the least effective due to the ozone 

solubility being decreased and the increase in temperature not providing enough energy to 

succumb this effect. It would be important to find a temperature where the ozone solubility 

is increased while the solubility of the chemical contaminant is not disrupted which would be 

detrimental to the experiment. Therefore, temperatures below 15 oC were considered but 

not experimented, as although the ozone solubility would be increased, the solubility of the 

chemical contaminant would be decreased. Therefore, an accurate determination of the 

degradation would not be effective.  
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From the data obtained, the rate constants can be determined for each temperature, these 

are highlighted below in Table 18.  

 

Table 18: rate constants determined from the different temperatures used to affect the rate 
of degradation 

 

Temperature (oC) Rate constant, k 

(min-1) 

15 0.763 

20 0.663 

25 0.468 

30 0.219 

 

The rate constants can be plotted against temperature to determine the activation energy of 

the reaction system. Values of the natural log of k were plotted against the inverse of the 

temperature in kelvin..  

The gradient of the relationship was determined and used to calculate the activation energy 

of the reaction system. The activation energy can then be calculated from the graph, and 

these values can be used to work out whether an additional input of energy into the reaction 

would enhance the reaction process. For CYM it was found that, while energy was not 

required for the ozonation of CYM it would enhance the overall reaction scheme.  

 

5.3.8 - Effect of scavengers 

 

Samples were taken at the same time intervals as before to analyse the effect of a scavenger 

on the degradation of CYM in solution. This data was then compared to the reaction 

performed in the exact same reaction conditions, but with no radical scavenger present, to 

determine whether the presence of a radical scavenger was more favourable for the rate of 

degradation or not.  
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Figure 42: ozonation of CYM comparing the reaction with the presence of tert-butanol as a 

radical scavenger and with no scavenger present (ozone gas concentration = 20 g/m3 NTP, 

temp = ~ 20 oC, oxygen flow rate = 0.5 L/min, pH = 6) 

 

From looking at the graph above in Figure 42, it can be seen that when a radical scavenger, 

in this case tert-butanol, was added to the solution a more favourable rate of CYM 

degradation occurred. This is seen through the much steeper rate of degradation once the 

radical scavenger was added. Through analysing this outcome, it could be said that the 

oxidation of CYM occurs mainly via a molecular ozone mechanism, as opposed to with the 

presence of radical scavengers. This could be because once the scavengers are removed from 

the reaction mix, the degradation speeds up rapidly. It may also be due to the fact that the 

addition of tert-butanol also affects the size of the bubbles being diffused into the reaction 

system from the diffuser, making them smaller.  

The bubble size being decreased could have positive effects on the rate of degradation, as 

the smaller bubbles could result in a faster rate of mass transfer of the ozone in the gas phase 

into the liquid phase. Therefore, increasing the concentration of ozone within the liquid 

phase and increasing the rate of degradation of CYM in the solution.  
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5.3.9 - Stoichiometric Analysis 

 

The stoichiometric analysis for the relationship between ozone and CYM was investigated. 

Different volumes of a standard solution of ozonated water were reacted with CYM and 

indigo solution to determine the decrease in concentration of ozone and CYM throughout 

the process of the reaction.  

The graph in Figure 43 shows the relationship between the volume of ozonated water used 

within the reaction and the ratio of the change in moles of ozone throughout the experiment 

and the change in moles of CYM throughout the experiment.  

 

Figure 43: Relationship between the volume of ozonated water used within the reaction and 
the ratio of change of moles of ozone throughout the reaction compared to the change in 
moles of CYM throughout the reaction 

 

The graph in Figure 43 shows the relationship obtained from this comparison. From this, the 

stoichiometric relationship can be determined. The y axis shows the ratio between the 

change on moles of ozone throughout the reaction compared to the change in moles of CYM. 

Throughout the reaction, the number of moles of both ozone and CYM decrease linearly.  



129 
 

5.3.10 - Summary of findings 

 

To summarise, cypermethrin was found to degrade in solution with ozonation. The 

conclusions on the variables can be seen highlighted below.  

- Cypermethrin was found to degrade with ozonation within 10 minutes. 

- When the solution was oxygenated, there was no decrease in the CYM 

concentration, concluding the degradation was due to the presence of ozone.  

- Temperatures at 15 oC and 30 oC were preferable, one would increase the ozone 

solubility and the higher temperature would increase the rate constant.  

- When scavengers were added into the solution, the degradation of CYM increased.  
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5.4 - Combined Ozonation 

 

While the effects of ozonation on the degradation of the chemical contaminants were 

investigated in solutions singularly in water, a combination of the contaminants were also 

investigated to determine whether the interactions between the chemicals had an effect on 

the rates of degradation and the behaviour of the ozone within the solution.  

The degradation rates of the chemicals were monitored simultaneously, with one sample 

being analysed for all three contaminants. The data is shown below in Figure 44.  

 

  

Figure 44: ozonation degradation rates of all contaminants when ozonated in a solution of DI 
water containing all three contaminants (ozone concentration = 20 g/m3 NTP, oxygen flow 
rate = 0.5 L/min, pH = 6, temperature = 20 oC) 

 

The trends were slightly different when the contaminants were combined, which could be 

due to interactions within the chemicals, or due to ozone having a higher preferential 

interaction to different chemicals. 

All the chemical contaminants degraded to a safe rate within three minutes.  
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When looking at the FLT degradation and comparing this to the data obtained previously, the 

reaction rate was significantly slower. Before, the FLT was reduced to negligible 

concentrations within a minute, whereas, when combined with the other contaminants this 

was extended to 3 minutes to reach the same levels. This could show that FLT does not 

compete as favourably as both DEHP and CYM in the combined solution for the ozone and 

hydroxyl radicals generated.  

With DEHP, the reaction scheme was sped up significantly, with the DEHP concentration 

reaching minimal levels within 1 minute, whereas previously the reaction needed to be 

extended to 8 minutes to reach low levels. This could show that when competing in the 

solution, the DEHP was more preferable for the ozone to oxidise than the fluoranthene. It 

could also suggest that the hydroxyl radicals worked quicker to degrade the DEHP in the 

solution. When looking at the effects of scavengers previously, they were found to increase 

the rate of degradation of both fluoranthene and cypermethrin but had no impact on the 

degradation of DEHP. This could show that the hydroxyl radicals would degrade the DEHP in 

the solution efficiently, which would not happen to the other two contaminants. This could 

explain why DEHP degradation occurs quicker than the degradation of FLT and CYM in a 

combined solution.  

The speed of degradation of CYM was also increased in this reaction mixture than when it 

was when investigated singularly, with the degradation occurring with 2 minutes, in 

comparison to the 10 minutes previously required. As the reaction was shown to previously 

increase speed upon the addition of scavengers, the relationship found here could suggest 

that FLT was acting as a scavenger in the solution, increasing the reaction rate for the 

oxidation of CYM. The solubility of the molecules in the solution could alter once they are 

combined in solution. 
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5.5 - Ozonation Summary  

 

To summarise the investigations into the effect of ozonating the chemical contaminants in 

water, it can be seen that ozone works to effectively degrade the contaminants in the 

solution. This was investigated in solutions of DI water with individual contaminants, which 

were effective in the degradation rates. This was also investigated in DI water containing a 

combination of contaminants, while the degradation rates alter slightly with the interactions 

between the chemicals, degradation of all contaminants: fluoranthene, di (2- ethyl hexyl) 

phthalate and cypermethrin all degrade within three minutes.  
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Chapter 6 - Adsorption onto Activated Carbon 
 

The adsorption of the chemical contaminants onto the surface of granulated activated 

carbon (GAC) were investigated. The kinetics were first determined to evaluate the time 

frame of the isotherm before the specific isotherms were investigated using different masses 

of carbon.  

 

6.1 - FLT Adsorption 
 

Different masses of GAC were used to investigate the adsorption of FLT onto GAC. Increasing 

the mass of GAC increases the availability of the surface area for adsorption of the chemical 

contaminants. The graph shown below in Figure 45 shows the decrease in concentration of 

FLT when different masses of GAC are used.  

 

 

Figure 45: effect of different masses of GAC on adsorption of FLT onto the surface of GAC 
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In Figure 45 above, the decrease in concentration of FLT when varying masses are used can 

be seen. When 0.01 g of GAC are used in the solution, the end concentration is higher than 

that of when 0.015 g and 0.02 g are used. As the resultant concentration range is minimal, 

they would most likely all be within the error range. This suggests that the change in masses 

of GAC used were not effective enough to alter the surface area available or the adsorption 

of CYM.  

 

The lower mass of GAC would be expected to have the highest end concentration due to the 

surface of the carbon becoming ‘full’ from the adsorption of FLT onto the surface. Therefore, 

it would not be possible for any more of the contaminant to be adsorbed onto the surface. 

This is because an equilibrium has been reached, where no more contaminants can leave the 

solution, causing the concentration to be maintained.  

When comparing the rate of concentration decrease for 0.015 g and 0.02 g, it can be seen 

that there is a faster rate of concentration decrease with 0.02 g which would be expected 

due to the increased surface area of GAC available in the solution.  

The q values can also be plotted against time. q is calculated from the equation shown in 

Equation 22.  

 

Equation 21 

 

𝑞 = 𝑉 × 0.001 × 
(𝐶0−𝐶)

𝑚𝐺𝐴𝐶
     Eq. 22: equation to calculate the value of q. 

 

Where: 

𝑞 is the adsorption capacity (mg/g), 

𝑉 is the volume (L), 

𝐶0 is the initial concentration (mg/L), 

𝐶 is the final concentration (mg/L) and  

𝑚𝐺𝐴𝐶 is the mass of GAC used (g). 
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The graph below in Figure 46 shows the relationship between q and time for the adsorption 

of FLT onto the surface of GAC at different GAC masses.  

 

 

Figure 46: plot of Q against time for the adsorption of FLT onto GAC (T = 20 oC) 

 

As the calculation of q incorporates the mass of GAC used, a clear difference can be seen in 

the values for q on the graph. This makes it clear to see the equilibrium point reached within 

the solution and the time in which this happens.  

The kinetics of the adsorption can be assumed to be first order and the rate constant can be 

calculated using Equation 23. 

 

Equation 22 

 

ln(𝑞𝑒 − 𝑞𝑡) = ln(𝑞𝑒) − 𝐾1𝑡  Eq. 23: kinetics equation assuming 1st order reaction. 
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Where: 

𝑞𝑒 is the adsorption capacity at equilibrium (mg/g), 

𝑞𝑡 is the adsorption capacity at a specific time (mg/g), 

𝐾1 is the rate constant (min-1) and 

𝑡 is the time (mins) 

 

From the kinetics equation shown in Equation 23, a graph can be plotted of ln(qe-qt) against 

time and the gradient will be equal to the rate constant. Rate constants were calculated for 

all three masses of GAC used and the results can be seen below in Table 19.  

 

Table 19: values for the rate constant calculated for each mass of GAC 

 

Mass of 

GAC (g) 

Rate constant 

(min -1) 

error q max (mg/g) error 

0.02 0.25 22 % 4.18 0.66 % 

0.015 0.24 16 % 5.77 0.19 % 

0.01 0.25 23 % 7.41 0.26 % 

 

The results obtained in this study agree with other studies conducted on the adsorption of 

FLT on GAC. For example, (Liu et al., 2014) reported first order rate constants for the 

adsorption of FLT on GAC in the range of 0.14 and 0.30 min-1. As shown in Table 19, the rate 

constants obtained in this study fall within the range reported by (Liu et al., 2014). 

 

6.2 - CYM Adsorption  
 

Different masses of GAC were investigated in solutions of CYM to determine the adsorption 

relationship onto the surface of GAC. The graph below in Figure 47 shows the relationship 

between the concentration and time with the differing masses of GAC in solution.  
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Figure 47: change in concentration of CYM over time due to adsorption onto GAC 

 

The graph in Figure 47 shows that the adsorption of CYM onto the surface of the GAC was 

effective at removing 65 % of the CYM from within the solution.  The kinetics of the reaction 

were very rapid, with the equilibrium concentration being reached after 10 minutes. There 

is little difference seen with the change in masses of GAC used, however, all the masses show 

evidence of the adsorption of CYM onto the surface of the GAC.  

The relationship between q and time can also be plotted using the equation shown previously 

in Equation 20. The result of this relationship can be seen below in Figure 48.  

 



138 
 

 

Figure 48: plot pf Q against time for the adsorption of CYM onto GAC 

 

The relationship between q and the time can show the adsorption capacity of the reaction 

system with different masses of carbon. Using values of q, the kinetics of the reaction system 

can also be determined. The rate constants of the reaction schemes can be obtained through 

using Equation 21 shown previously. The values for q obtained for the GAC sample at 0.005 

g did not follow the trend line too closely. This could be due to the surface area being quickly 

filled with the contaminant, resulting in the contaminant having to adsorb onto small areas. 

This could follow a monolayer Freundlich isotherm. The rate constants can be seen below in 

Table 20.  
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Table 20: rate constants for the different masses of GAC used. 

 

Mass of GAC (g) Rate constant (min -1) q max (mg/g) 

0.02 0.45 2.02 

0.015 0.41 3.21 

0.01 0.21 3.80 

0.0175 0.43 2.34 

0.0125 0.31 3.81 

0.005 0.25 10.97 

 

For the adsorption of cypermethrin onto GAC, a study was found in literature that also looked 

at this reaction. For this experiment, a value for the rate constant was found to be around 3 

L/µg. This suggests that less energy would be required for the reaction within the literature. 

This could be due to the reactions being conducted at 25 oC as opposed to 20 oC (Domingues 

et al., 2007). 

 

6.3 - DEHP Adsorption 
 

Different masses of GAC were investigated in solutions of DEHP at 1 mg/L. These different 

reaction mixtures were investigated to monitor the decrease in concentration of DEHP over 

time. The results can be shown below in Figure 49.  



140 
 

 

Figure 49: change in concentration of DEHP over time due to adsorption onto the surface of 
GAC 

 

From looking at the results shown in Figure 49 a clear trend can be seen. This trend shows 

that the higher the mass of GAC in solution, the faster the rate of decrease of the 

concentration of DEHP. There was also a slightly lower end concentration of DEHP in solution. 

This would be expected, as the surface area of GAC in the solution would be increased when 

there is more GAC in the solution. Therefore, it would be expected that the concentration 

would decrease more when there is a larger surface area available for the GAC to adsorb 

onto.  

Figure 49 shows that the concentration of DEHP decreases significantly throughout the time 

of the experiment. This would be preferable, as a large decrease would mean that a further 

technique would not be necessarily required to rely upon. This shows that GAC would be a 

good technique for the removal of DEHP from the solution without the fear of creating toxic 

by-products within the solution from the use of alternative techniques.  

The relationship between the adsorption capacity and the time can also be investigated and 

these results are shown in the graph below in Figure 50.  
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Figure 50: plot of Q against time for the adsorption of DEHP onto the surface of GAC 

 

The relationship between q and time can be seen above in Figure 50. From this relationship 

the value for the rate constants were calculated using Equation 21. The results for the rate 

constants obtained can be seen below in Table 21.  

 

Table 21: rate constants obtained for the kinetics of DEHP sorption onto GAC. 

 

Mass of 

GAC (g) 

Rate constant 

(min -1) 

error q max (mg/g) error 

0.02 0.06 86 % 2.72 9.4 % 

0.015 0.14  3.70  

0.01 0.13 13 % 5.19 0 % 
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In literature, an experiment that carried out the adsorption of DEHP onto GAC in ethanol was 

found. The experiment was carried out in ethanol to increase the solubility of DEHP in the 

solution. This experiment was carried out at different temperatures, as well as using different 

percentages of ethanol. For the experiments at 20 oC, and with the percentages of ethanol 

ranging from 30 % up to 100 %, the values for the rate constant varied from 0.38 to 0.03. This 

would suggest that the rate constants obtained from the experiments would fit into the 

range, as the rate constants would likely be lower because of the low solubility of DEHP (Zhou 

et al., 2022). This could also be due to the DEHP having more affinity to the ethanol in solution 

as opposed to the GAC.  

An iodine number analysis for samples of the granulated activated carbon was also 

investigated. This included different samples of granulated activated carbon being treated 

differently and analysed to determine the surface area available for chemical contaminant 

adsorption.  

 

6.5 - Iodine Number 

 

The iodine number for carbon is calculated to determine the absorption of contaminants 

onto the surface of the granulated activated carbon. This is to understand whether it would 

be effective at removing contaminants from the system through the process of adsorption 

onto the surface and pores of the granulated activated carbon.  

Different samples of granulated activated carbon were treated and cleaned using a 

commercial acid solution and then being washed thoroughly and rinsed three times with DI 

water. By using three different carbon dosages or weights obtained from each activated 

carbon sample, a graph can be plotted showing the linear regression line. This allows the 

iodine number to be calculated. The iodine number is obtained from calculating the X/M 

value when C is equal to 0.02. The equations are shown in Appendix 1. 

From plotting the individual graphs for each type of carbon sample, (cleaned and treated), 

the values for the iodine number can be calculated.  

The iodine number experiment is important at determining how effective different carbon 

samples are at retaining chemical contaminants onto the surface, and therefore the 

effectiveness of using granulated activated carbon to assist in the treatment of water 

contaminants from wastewater. 
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Table 22: Iodine numbers calculated for different GAC samples. 

 

Sample Iodine Number 

Not cleaned 691.94 

Not cleaned, treated 50 % 563.05 

Not cleaned, treated 25 % 1013.04 

Not cleaned, treated 0 % 555.22 

Cleaned 697.776 

Cleaned, treated 50 % 674.60 

Cleaned, treated 2 5% 723.642 

 

The values shown in Table 22 above highlight the iodine number values obtained once the 

three values found were compared using the calculations found in Appendix 1. The lines 

obtained from the experimental data, which were used to calculate the values can be seen 

in the graph below in Figure 51.  

From looking at previous studies, it can be seen that the typical range of iodine number 

values ranges from 500 – 1200 mg/g. Which correlates to a surface area between 900 and 

1100 m2/g (Mopoung et al., 2015).  
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Figure 51: graph representing the iodine number of different samples of granulated activated 
carbon 

 

Through comparing the different cleaned and treated samples of granulated activated 

carbon, patterns can be seen that emphasise the effects of cleaning and treating the 

granulated activated carbon. 

Irregularities can be seen in the uncleaned carbon. A clear trend is not seen in the differing 

amount of iodine adsorbed onto the granulated activated carbon when the carbon is 

uncleaned and untreated. This would emphasise that the process of cleaning and treating 

the carbon is worthwhile, as it increases the adsorption of iodine into the carbon shown by 

the increase in the iodine number.  

The cleaning of the carbon would remove any impurities within the carbon meaning the 

surface area of the granulated activated carbon would be maximised for the adsorption of 

iodine. This would in turn increase the iodine number of the granulated activated carbon 

sample. The removal of any contaminants on the surface of the activated carbon would allow 

more surface area for the chemical contaminants that are desired to be removed from the 

solution to adsorb to.   
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Once the carbon had been cleaned it showed an enhanced property for adsorption of iodine, 

showing an increased iodine number. This would be expected, which is supported 

experimentally by the data produced. When the carbon had been treated, you would expect 

the adsorption of iodine to also increase. This is because the carbon has been treated to 

enhance the adsorption potential. This can be seen with the carbon treated at 25 %, where 

a clear increase is shown, emphasising that the treatment process was effective in increasing 

the adsorption of iodine.  

From studying the graph in Figure 51 above, it can be seen that the granulated activated 

carbon cleaned and treated to 25 % shows the largest iodine number. For future 

experimentation, this would be the preferred type of carbon due to the larger iodine number 

and enhanced adsorption rates.  

 

6.6 - Summary of findings 
 

From studying the behaviour of the chemical contaminants with GAC, relationships can be 

seen. These show that there is adsorption of all the chemical contaminants onto the surface 

of the GAC with all the different masses of GAC used in the solution. From the analysis and 

experimentation of GAC at varying masses in solutions of the different chemical 

contaminants, comparison to isotherms can be made. These isotherms can describe the 

behaviour of adsorption. This understanding will be beneficial when deciding on the 

optimum mass of GAC to use for the experimentation in wastewater. An optimum mass 

would be decided from the isotherms, and this would be used to determine the effect of 

adsorption in wastewater scenarios.  

From observing the iodine number experiments, the specific surface area of different types 

of GACs were investigated. This showed that the GAC sample that was cleaned and treated 

to 25 % was preferable for the optimum adsorption. Therefore, this would maximise the 

adsorption of the chemical contaminants.  
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Chapter 7 – Wastewater Analysis 

 

Wastewater samples of final treated effluent were collected from Gowerton wastewater 

treatment plant. Samples were taken and analysed , allowing for characterisation of the 

wastewater used for analysis. The characterisation results obtained are presented in Table 

23.  

The results in Table 23 highlight the presence of solids and metals that are present within the 

final effluent used. This means that when comparisons are made between the wastewater 

solutions and DI water solutions, reasoning can be obtained on whether the increased 

presence of dissolved substance in the water had an impact on the degradation rates of the 

chemical contaminants. From looking in the table below, there are many metals and solids 

present within the effluent, and this is vital to know when comparing the results.  

 

Table 23: Results for the characterisation of the wastewater final treated effluent from 
Welsh Water 

 

pH 7.1 

Total COD 19 mg/L 

Ammoniacal Nitrogen 0.4 mg/L 

Suspended Solids 6 mg/L 

Alkalinity 114 mg CaCO3/L 

Orthophosphate 0.12 mg/L 

Phosphorous 0.2 mg/L 

Soluble Copper 0.005 mg/L 

Copper 0.005 mg/L 

Soluble Zinc 0.02 mg/L 

Zinc 0.02 mg/L 

Lead 0.002 mg/L 

Chromium 0.005 mg/L 

Nickel 0.005 mg/L 
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7.1 - Ozonation of wastewater  

 

The effect of ozonation on the emerging contaminants in wastewater was first investigated 

in a solution containing all three contaminants. However, when the analysis was conducted 

by HPLC, the retention times of the contaminants had changed due to the additives in 

wastewater interfering with the signal. The peaks for FLT and DEHP overlapped, therefore, 

no clear determination of the concentrations could be calculated, meaning that the 

concentration decrease over time could not be appropriately monitored.  

Due to this occurrence, the ozonation of the ECs in wastewater were analysed individually to 

monitor the degradation of the contaminants within wastewater. The degradation of the 

compounds can be seen in Figure 52 below.  

 

 

Figure 52: Degradation of the three emerging contaminants in final wastewater effluent by 
ozonation. (T = 20 oC, pH = 6, ozone concentration = 20 g/m3 NTP, oxygen flow rate = 0.5 
L/min) 

 

Figure 52 shows that all the chemical contaminants within the treated final wastewater 

effluent degraded over time using oxidation via ozone. 
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Contaminant 

 

Wastewater final effluent 

Percentage degradation 

 

DI water 

Percentage degradation 

 

FLT 80 % degradation within 6 

minutes 

75 % degradation within 1 

minute 

DEHP 90 % degradation within 4 

minutes 

90 % degradation within 5 

minutes 

CYM 50 % degradation within 10 

minutes 

90 % degradation within 4 

minutes 

 

7.2 - Adsorption onto GAC in wastewater  

 

The adsorption of each chemical contaminant onto GAC was investigated in solutions of 

treated final wastewater effluent. The solutions were all made individually within the 

wastewater treated effluent and the adsorption was investigated over time.  
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Figure 53: Rate of concentration decrease over time of (a) DEHP, (b) FLT, and (c) CYM from 
adsorption onto GAC (mass GAC = 0.015 g, T = 20 oC) 
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Contaminant 

 

Wastewater final effluent 

Percentage decrease 

 

DI water 

Percentage decrease 

 

FLT 90 % decrease within 50 

minutes 

90 % decrease within 25 

minutes 

DEHP 75 % decrease within 80 

minutes 

80 % decrease within 80 

minutes 

CYM 85 % decrease within 40 

minutes 

75 % decrease within 40 

minutes 

 

 

  



151 
 

Chapter 8 – Conclusion and Future Work 

 

8.1 - Ozone Mass Transfer  
 

A variety of different reaction conditions were analysed, and the findings studied for their 

effect on ozone mass transfer into DI water. 

pH effects showed a higher ozone concentration being absorbed in a lower pH solution. At a 

lower pH there is less ozone decomposition, meaning that there is more ozone available to 

be absorbed. At higher pH levels, the decomposition increases, and the concentration of 

hydroxyl radicals increases, therefore, decreasing the concentration of ozone.  

The effect of temperature showed that ozone is significantly more soluble in lower 

temperatures than in higher temperatures. This was shown by a much higher equilibrium 

concentration being reached in lower temperatures. 

The increase in the flow rate of oxygen in L/min into the reactor increased the amount of 

ozone absorbed into DI water. This is due to the increase in pressure seen with an increase 

in flow rate, which would increase the mass transfer into water.  

When studying the effect of radical scavengers in solution, two scavengers were investigated: 

(i) tert-butanol and (ii) carbonate. (i) Tert-butanol worked by decreasing the ozone 

decomposition into hydroxyl radicals, as well as the presence of tert-butanol in solution 

decreases the size of the ozone bubbles, increasing the mass transfer. (ii) With carbonate, no 

ozone was absorbed into DI water. Carbonate promotes the decomposition of ozone. 

 

8.2 - Ozonation of emerging contaminants  

 

8.2.1 - FLT 
 

FLT was found to degrade when ozone was added into solution, and different reaction 

conditions were trialled to find the best scenario of reaction conditions to maximise the 

degradation of FLT in solutions of DI water.  
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When looking at the effect of pH on the degradation of FLT, a lower pH was found to be 

preferable. This would be due to the higher concentration of ozone found in lower pH, 

compared to the higher concentration of radicals found at higher pH values.  

The effect of temperature involved the solubility of ozone being preferable at lower 

temperatures, but the reaction rate being more favourable at higher temperatures. A median 

temperature would be ideal to ensure that FLT is dissolved appropriately within solution, 

while maintaining a balance between the solubility of ozone and reaction kinetics.  

When tert-butanol was added as a radical scavenger into solution, the rate of degradation of 

FLT was increased. This supports previous understanding that the degradation of FLT in DI 

water occurs via oxidation with molecular ozone as opposed to oxidation through indirect 

ozonation with hydroxyl radicals.  

FLT can be degraded effectively within solutions of DI water. A lower pH, temperature and 

the presence of a scavenger has been shown to increase the rate of degradation.  

 

8.2.2 - DEHP 
 

DEHP in solutions of DI water can be degraded by the addition of ozone gas. The effect of pH, 

temperature and radical scavengers were investigated to maximise the rate of degradation. 

A neutral pH was found to be the most favourable for the degradation of DEHP in DI water. 

This is due to the acidic pH favouring the direct ozonation, whilst the alkaline pH favoured 

the indirect ozonation via hydroxyl radicals. Due to the structure of DEHP containing a 

benzene ring, as well as long side chains, both types of ozonation were required to effectively 

degrade the DEHP.  

For the effect of degradation at different temperatures, a temperature of 15 oC / 20 oC would 

be desirable as it would ensure that the DEHP is dissolved into the DI water. A lower 

temperature would again increase the solubility of ozone into water, whereas a higher 

temperature would favour the reaction kinetics. Therefore, a temperature around room 

temperature would ensure that there is a balance in the ozone solubility in comparison to 

the rate of reaction.  
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The addition of scavengers neither increased nor decreased the rate of degradation of DEHP 

in solution. This could be due to the benzene ring and the long side chain being oxidised by 

both molecular ozone and direct ozonation as well as hydroxyl radicals and indirect 

ozonation.  

DEHP can be degraded effectively via ozone, a neutral pH and a temperature between 15 oC 

and 20 oC were shown to be best for the rate of degradation amongst the studied parameters. 

The presence of scavengers offered minimal effect and are of no benefit.   

 

8.2.3 - CYM 
 

When ozone is added to solutions of DI water containing CYM, the concentration of CYM is 

shown to decrease. This shows the feasibility of using ozone as a degradation technique for 

CYM in water.  

The pH effect of ozonation in solution could not be analysed due to difficulties in the analysis 

of the solutions of CYM by UV Vis spectroscopy. When the solutions were dosed with the 

different pH levels, this affected the absorption peak of the solution, yielding unreliable 

results.   

The effects of temperature were investigated, and again a middle temperature would be 

most effective for the degradation of CYM in solution. This is because the solubility of both 

CYM in solution and the ozone concentration would be at an appropriate level, as well as the 

reaction kinetics being sufficient.  

The addition of tert-butanol into the solution increased the rate of degradation of CYM in 

solution. This suggests that the degradation of CYM by ozone would occur via direct 

ozonation from molecular ozone, as opposed to the indirect ozonation from hydroxyl 

radicals.  

The degradation of CYM by ozone did occur effectively in solutions of DI water. A lower 

temperature was shown to be more favourable due to the ozone solubility, however, a 

temperature of 15 oC would be recommended for treatment; given the solubility of CYM and 

the reaction kinetics. The addition of a radical scavenger increased the rate of degradation.  
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When the contaminants were combined in a single solution, the rates of degradation altered, 

however, all three contaminants were degraded to negligible levels of concentration within 

3 minutes of ozonation.  

 

8.3 - Adsorption by Granulated Activated Carbon 
 

GAC can adsorb all three of the emerging chemical contaminants being studied, but at 

different rates of adsorption and different end concentrations. Fluoranthene was adsorbed 

onto GAC and a concentration plateau was obtained within a maximum of 20 minutes, with 

90 % of the fluoranthene in solution being adsorbed within this time. Cypermethrin had a 

concentration plateau of 10 minutes. However, the concentration depletion ranged from 50 

% to 80 %. Di (2- ethyl hexyl) phthalate showed a much slower mechanism of adsorption onto 

GAC, with 80 % of the di (2- ethyl hexyl) phthalate being adsorbed within 50 minutes.  

 

8.4 - Wastewater Analysis  
 

8.4.1 - Ozonation of chemical contaminants in wastewater 
 

All the chemical contaminants were degraded when in solutions of final treated wastewater 

effluent. However, a comparison between the rate of degradation by ozone in solutions of 

wastewater and DI water can be made. The results are summarised below in Table 24.  
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Table 24: Summary of results comparing the ozonation of the contaminants in solutions of 
DI water and wastewater effluent 

 

 

Contaminant 

 

Wastewater final effluent 

Percentage degradation 

 

DI water 

Percentage degradation 

 

FLT 80 % degradation within 6 

minutes 

75 % degradation within 1 

minute 

DEHP 90 % degradation within 4 

minutes 

90 % degradation within 5 

minutes 

CYM 50 % degradation within 10 

minutes 

90 % degradation within 4 

minutes 

 

8.4.2 - Adsorption of chemical contaminants in wastewater  
 

The three emerging chemical contaminants all showed a decrease in concentration upon the 

addition of GAC for adsorption. The results obtained are summarised below in Table 25.  

Table 25: Summary of results comparing the adsorption in solutions of DI water and 
solutions of final wastewater effluent 

 

 

Contaminant 

 

Wastewater final effluent 

Percentage decrease 

 

DI water 

Percentage decrease 

 

FLT 90 % decrease within 50 

minutes 

90 % decrease within 25 

minutes 

DEHP 75 % decrease within 80 

minutes 

80 % decrease within 80 

minutes 

CYM 85 % decrease within 40 

minutes 

75 % decrease within 40 

minutes 
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In conclusion, this study has shown that ozone and activated carbon can be used to treat 

fluoranthene, cypermethrin and di (2- ethyl hexyl) phthalate in solutions of DI water, as well 

as in treated solutions of wastewater final effluent.  

Further analysis needs to be conducted into the by-products generated from the oxidation 

of the contaminants with ozone and whether the by-products produced are toxic. This would 

allow a deeper understanding of the feasibility of using ozone as a treatment process of 

wastewater.  

The feasibility of these techniques would also need to be investigated on a larger scale before 

being implemented into the wastewater treatment process, to ensure ozone can treat large 

volumes of effluent safely and effectively.  

A cost analysis plan would also need to be constructed to understand whether these 

processes would be feasible and cost effective on a large scale.  
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Glossary  
 

aqueous describing a solution in water ("Oxford Dictionary of Chemistry," 

2020) 
 

biosorption a property by which certain types of microbial biomass can absorb 

contaminants from the environment ("Collins English Dictionary ", 

2023) 
 

biotransformation the metabolising of some substance in the body ("Collins English 

Dictionary ", 2023) 
 

carcinogen any agent that produces cancer ("Oxford Dictionary of Chemistry," 

2020) 
 

coagulation the process in which collodial particles come together irreversibly to 

form larger masses ("Oxford Dictionary of Chemistry," 2020) 
 

degradation a type of chemical reaction where a compound is converted into a 

simpler compound ("Oxford Dictionary of Chemistry," 2020) 
 

deionised water water from which ionic salts have been removed by ion-exchange 

("Oxford Dictionary of Chemistry," 2020) 
 

electrophile an ion or molecule that is electron deficient and can accept 

electrons ("Oxford Dictionary of Chemistry," 2020) 
 

emissivity the ability of an object to emit heat, compared to the heat emitted 

by a black object of the same temperature ("Cambridge Dictionary," 

2023) 

  

endocrine disruptors a chemical that can affect the systems in the body that produce and 

control hormones ("Cambridge Dictionary," 2023) 
 

flocculation the process in which particles in a colloid aggregate into larger 

clumps ("Oxford Dictionary of Chemistry," 2020) 
 

heteroatoms an odd atom in the ring of a heterocyclic compound ("Oxford 

Dictionary of Chemistry," 2020) 
 

heterogenous relating to two or more phases ("Oxford Dictionary of Chemistry," 

2020) 
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isotherm a curve on a graph representing readings taken at constant 

temperature ("Oxford Dictionary of Chemistry," 2020) 
 

leaching extraction of soluble compounds of a solid mixture by percolating a 

solvent through it ("Oxford Dictionary of Chemistry," 2020) 
 

lipophilic lipophilic substances are attracted to lipids ("Cambridge Dictionary," 

2023) 
 

moiety a characteristic part of a molecule ("Oxford Dictionary of 

Chemistry," 2020) 
 

ozonation the formation of ozone ("Oxford Dictionary of Chemistry," 2020) 
 

ozone a colourless gas, soluble in cold water and alkalis ("Oxford Dictionary 

of Chemistry," 2020) 
 

photolysis a chemical reaction produced by exposure to light or ultraviolet 

radiation ("Oxford Dictionary of Chemistry," 2020) 
 

phthalate a chemical compound used in making plastics, which is believed to 

be dangerous to health ("Cambridge Dictionary," 2023) 
 

pyrethroids any of various chemical compounds having similar insecticidal 

properties to pyrethrin ("Collins English Dictionary ", 2023)  
 

reagent a substance reacting with another substance ("Oxford Dictionary of 

Chemistry," 2020) 
 

solvent a liquid that dissolves another substance or substances to form a 

solution ("Oxford Dictionary of Chemistry," 2020) 
 

stoichiometric describing chemical reactions in which the reactants combine in 

simple whole number ratios ("Oxford Dictionary of Chemistry," 

2020) 
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Appendices  

 

Appendix 1 – Iodine Number Calculations 

 

Standardisation of 0.100 N Sodium Thiosulfate 

 

𝑵𝟏 =
𝑷 ×  𝑹

𝑺
 

 

Where:  

𝑁1 = sodium thiosulfate, N 

𝑃 = potassium iodate, mL 

𝑅 = potassium iodate, N 

𝑆 = sodium thiosulfate, mL 

 

 

Standardisation of 0.100 N Iodine Solution 

 

𝑵𝟐 =
𝑺 ×  𝑵𝟏

𝑰
 

 

Where: 

𝑁2 = iodine, N 

𝑆 = sodium thiosulfate, mL 

𝑁1 = sodium thiosulfate, N 

𝐼 = iodine, mL 
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Calculating the iodine number 

 

𝑨 = (𝑵𝟐)(𝟏𝟐𝟔𝟗𝟑. 𝟎) 

 

Where: 

𝑁2 = iodine, N 

 

𝑩 = (𝑵𝟏)(𝟏𝟐𝟔. 𝟗𝟑) 

 

Where: 

𝑁1 = sodium thiosulfate, N 

 

𝑫𝑭 =
𝑰 +  𝑯

𝑭
 

 

Where: 

𝐷𝐹 = dilution factor 

𝐼 = iodine, mL 

𝐻 = 5 % hydrochloric acid used, mL 

𝐹 = filtrate, mL 
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𝑿

𝑴
=

[𝑨 − (𝑫𝑭)(𝑩)(𝑺)]

𝑴
 

 

Where:  

𝑋

𝑀
 = iodine absorbed per gram of carbon, mg/g 

𝑆 = sodium thiosulfate, mL 

𝑀 = carbon used, g 

 

Calculating the carbon dosage 

 

𝑴 =
[𝑨 − (𝑫𝑭)(𝑪)(𝟏𝟐𝟔. 𝟗𝟑)(𝟓𝟎)]

𝑬
 

 

Where: 

𝑀 = carbon, g 

𝐴 = (𝑁2)(12693.0) 

𝐷𝐹 = dilution factor 

𝐶 = residual iodine 

𝐸 = estimated iodine number of the carbon 
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Appendix 2 – deriving the equation relating CAL and kLa 

 

𝑁𝐴  × 𝑎 ×  𝑉𝐿 =  𝑉𝐿

𝑑 𝐶𝐴𝐿

𝑑 𝑡
 

 

𝑁𝐴 =  𝑘𝐿(𝐶𝐴𝐿
∗ − 𝐶𝐴𝐿) 

 

𝑘𝐿𝑎𝑉𝐿(𝐶𝐴𝐿
∗ − 𝐶𝐴𝐿) =  𝑉𝐿

𝑑 𝐶𝐴𝐿

𝑑 𝑡
 

 

∫
𝑑 𝐶𝐴𝐿

𝐶𝐴𝐿
∗ − 𝐶𝐴𝐿

=  ∫ 𝑘𝐿𝑎 𝑑 𝑡 
𝑡

0

𝐶𝐴𝐿

𝐶𝐴𝐿0

 

 

∫
𝑑 𝐶𝐴𝐿

𝐶𝐴𝐿 − 𝐶𝐴𝐿
∗ = − ∫ 𝑘𝐿𝑎 𝑑 𝑡 

𝑡

0

𝐶𝐴𝐿

𝐶𝐴𝐿0

 

 

ln (
𝐶𝐴𝐿 − 𝐶𝐴𝐿

∗

𝐶𝐴𝐿0 − 𝐶𝐴𝐿
∗  ) = − 𝑘𝐿𝑎 𝑡 

 

𝐶𝐴𝐿 − 𝐶𝐴𝐿
∗

𝐶𝐴𝐿0 − 𝐶𝐴𝐿
∗ = exp( − 𝑘𝐿𝑎 𝑡) 

 

Assuming 𝐶𝐴𝐿0 = 0 

𝐶𝐴𝐿 − 𝐶𝐴𝐿
∗ =  − 𝐶𝐴𝐿

∗  exp( − 𝑘𝐿𝑎 𝑡) 
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𝑪𝑨𝑳 = 𝑪𝑨𝑳
∗ (𝟏 −  𝐞𝐱𝐩( − 𝒌𝑳𝒂 𝒕)) 

 

Where: 

𝑁𝐴 = Avogadro constant  

𝑉𝐿 = volume of liquid  

𝐶𝐴𝐿 = ozone concentration in the liquid phase 

𝑡 = time  

𝑘𝐿𝑎 = mass transfer coefficient  


