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ABSTRACT  

Advanced oxidation processes (AOPs) have received much attention in recent years as a 

new technology for drinking water treatment due to their ability to efficiently degrade 

natural organic matter (NOM). Ultraviolet light-emitting diode (UV-LED) technology is 

the most ideal light source for AOPs because of their small size and versatility in design. 

The focus of this research was to investigate the feasibility of UV-LEDs AOPs in drinking 

water treatment applications by using pilot-scale treated water from the J. Douglas Kline 

Water Supply Plant (JDKWSP) which draws water from Pockwock Lake. The research 

directions were mainly categorized as follows: 

(1) To explore the effects of novel UV-LED AOPs as well as conventional ozone reactions 

on the transformation of NOM in drinking water.  

(2) Investigation of changes in the composition of water after AOPs and its association 

with DBPFP.  

(3) To compare three AOP technologies including ozone, UV-LEDs/H2O2 and UV-

LEDs/Cl2, for the treatment of water from three different locations in the drinking 

water treatment process. 

In each experiment, 280nm UV-LEDs were used as the experimental light source to 

complete the experiments at bench-scale, and the UV fluence was adjusted to 100, 500, 

and 1,000mJ/cm2 respectively. The overall goal was to help determine the feasibility of 

UV-LEDs AOPs in water treatment. 

The results of the research demonstrated that UV-LEDs AOPs at a fluence of 1000mJ/cm2 

and 10mg/L H2O2 or Cl2 performed better than 10mg/L ozone alone with regards to 

reducing the SUVA, indicating the partial oxidation of NOM. In particular, the UV-

LEDs/Cl2 reaction achieved the best results for NOM degradation. However, in the case 

of trihalomethane formation potential (THMFP), ozonation at a dose of 10 mg/L 

outperformed UV-LEDs AOPs (1000mJ/cm2 UV with 10mg/L H2O2 or Cl2), however this 

conclusion needs to be confirmed by additional bench and pilot-scale studies. In summary, 

UV-LEDs AOPs show great potential and value for future applications in drinking water 

however their impact on DBPFP should be further characterized.  



v 

 

LIST OF ABBREVIATIONS AND SYMBOLS USED  

AC – Activated carbon  

Alum – Aluminum sulfate  

Ant-Sand – Anthracite-Sand   

AOPs – Advanced Oxidation Processes   

Cl2 – Chlorine  

cm – Centimeter  

DBPFP – Disinfection by-product formation potential  

DBPs – Disinfection by-products  

DOC – Dissolved organic carbon  

DOM – Dissolved organic matter  

EEM – Excitation-emission matrix  

Em – Emission spectra  

Ex – Excitation spectra  

FEEM – Fluorescence excitation-emission matrices  

FP – Formation potential  

FRI – Fluorescence regional integration  

g/L – Gram per liter  

GAC – Granular activated carbon  

GAC-Ant-Sand – GAC-Anthracite-Sand  

GC – Gas Chromatograph  

H2SO4 – Sulfuric acid  



vi 

 

HAA – Haloacetic acid  

HAAFP – Haloacetic acid formation potential 

HPLC – High-performance liquid chromatography  

JDKWSP – J. Douglas Kline Water Supply Plant  

LP – Low pressure  

mg/L Milligram per liter  

mL/min – Milliliter perminute  

mm – Millimeter  

MP – Medium pressure 

MW – Molar Weight 

nA – Nanoampere  

Na2SO4 – Sodium sulfate  

NaOH – Sodium hydroxide  

NOM – Natural organic matter  

PAC – Powdered activated carbon  

pCBA – Para-chlorobenzoic acid   

SUVA – Specific ultraviolet absorbance  

THM – Trihalomethane  

TOC – Total organic carbon  

UFC – Uniform Formation Potential 

UV254 – The ultraviolet absorbance of water at a UV wavelength of 254 nanometers 
(nm)  

UV-LEDs – Ultraviolet light emitting diodes 

UV-Vis – UV-visible 



vii 

 

UV-Vis Abs – UV-visible absorbance   

V – Volt 

μA – Microamp 

μg/L – Microgram per liter  

μm – Micrometer  

μs – Microsecond  

 

  



viii 

 

ACKNOWLEDGEMENT 

First and foremost, I am very happy to have had the opportunity to study and complete a 

graduate program at Dalhousie University in Canada, which would not have been possible 

without my supervisor, Dr. Graham Gagnon. He not only helped me a lot in the research 

process, but also helped me to better understand the meaning of research and my own 

potential. 

 

However, my journey to graduate school would not have been as easy without the help of 

Dr. Lindsay Anderson. She not only welcomed and encouraged me when I came to the lab, 

gave me a lot of advice on the details of my experiments, and gave me a lot of help and 

joy in my life. She made me feel that working at CWRS is a joy and not just a task. 

 

And luckily, I was also mentored by Dr. Sean MacIsaac and Jessica Bennett. They gave 

me invaluable advice and help in the planning and execution of my experiment. In addition 

to their guidance, all of the experiments would not have been possible without Heather 

Daurie. I would also like to thank Heather for putting up with all the troubles I caused lol. 

I would also like to thank the staff and co-op students who worked hard behind the scenes, 

such as Valentin, Jeffery, Manda, Jodi, Chantelle, and others. 

 

I am happy to work at CWRS not only because I have a group of kind coworkers, but also 

because they are my beloved friends. I would like to thank Aaron, Ryan, Naomi, Emma, 

and others for helping me along the way and for the fun times I had. My short time as a 

graduate student will be over, but I hope the memories of our fun times will last forever. 

 

Finally, I would like to thank my parents across the ocean for the support and 

encouragement they have given me for so long. The road ahead is long and difficult, but 

with you by my side, all the difficulties should be solved without a hitch.



1 

 

Chapter 1: Introduction 

1.1 Background  

Global climate change is affecting our environment and drinking water production is no 

exception. (Program, 2009). One of the more significantly impacted aspects is on drinking 

water supplies, and particularly the concentration of natural organic matter (NOM). For 

Atlantic Canada, the impacts of climate change on water resources mainly affect surface 

water supplies (Delpla et al., 2009; Whitehead et al., 2009). According to recent studies, 

NOM in drinking surface water sources in this region has shown an increasing trend, 

especially in the Nova Scotia region (Anderson, DeMont, et al., 2023; Anderson et al., 

2017). 

 

Elevated NOM has a direct impact on the amount of aluminum based coagulant in the 

treatment process, which increases the cost of operating the treatment plant and creates the 

risk of high residual aluminum levels (Matilainen et al., 2010; Anderson et al., 2017). In 

addition to the increased amount of coagulant, the increased amount of organic matter can 

also cause problems such as algal toxins, higher levels of bacteria, and various water 

quality issues (Anderson, DeMont, et al., 2023). The direct effect of increased NOM, its 

effect on DBPs, which are harmful substances produced by the reaction of chlorine with 

NOM in water due to the unavoidable chlorine disinfection part of the water treatment 

process, is also apparent (Boorman, 1999; Singer, 1994; Srivastav et al., 2020). Therefore, 

the necessary measures for decreasing NOM in water must be implemented to adapt to 
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future climate change (Anderson, DeMont, et al., 2023). 

 

Advanced oxidation technology is a drinking water treatment technology that has recently 

received attention with its thorough reaction, high applicability, and potential for 

degrading difficult-to-treat macromolecules of organic matter into small molecules 

(Andreozzi et al., 1999; Suty et al., 2004). The traditional advanced oxidation technologies 

used in water treatment are generally Fenton-related, ozone-related, and hydrogen 

peroxide-related (Gil et al., 2019; Parsons, 2004). Fenton-related technologies are 

generally unsuitable for drinking water treatment due to the introduction of hard-to-treat 

compounds that negatively impact the water column (Jarvis et al., 2008). Since chlorine is 

already present in the water treatment process, this paper also discusses chlorine-related 

advanced oxidation technologies as another potential option. 

 

In order not to introduce more compounds in the advanced oxidation of hydrogen peroxide 

with chlorine, this study used UV light as an excitation energy source to complete the 

advanced oxidation (Farzanehsa et al., n.d.; Miralles-Cuevas et al., 2017; Rosenfeldt et al., 

2006). Unlike the traditional use of mercury lamps to accomplish advanced oxidation, this 

thesis will investigate UV-LEDs as the UV light source (S. MacIsaac, 2021). Compared to 

mercury lamps, UV-LEDs produce a more concentrated wavelength, is more compact, and 

can be more easily installed and used with equipment (Song et al., 2016). However, due to 

its difference from mercury lamps, the mechanism of UV-LEDs advanced oxidation still 

needs some exploration.  
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Therefore, this thesis will explore the mechanism of UV-LEDs related AOPs, comparing 

the three different oxidation technologies. Including UV-LEDs/H2O2, UV-LEDs/Cl2 and 

ozone, It will also consider the location of advanced oxidation in the drinking water 

treatment process, the impact on the water body and the impact of DBPs, and then 

comprehensively evaluate the application of advanced oxidation for drinking water 

treatment.  
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1.2 Research Rationale 

The value of this study is to analyze the strengths and weaknesses of advanced oxidation 

technologies by comparing different advanced oxidation technologies applied to the 

treatment of drinking water and to measure the feasibility of their installation sites in the 

water treatment process. The ultimate direction of the research is to help determine 

whether UV-LEDs AOPs can help water treatment systems build resilience and reduce 

NOM as well as DBPs in a future of increasing water treatment challenges. 

  



5 

 

1.3 Research Objectives 

The main objectives of the work presented in this thesis document are as follows: 

 Explore the effects of novel UV-LEDs AOPs as well as conventional ozone reactions 

on NOM in drinking water.  

 Investigation of changes in the composition of water after AOPs and its association 

with DBPFP 

 Comparing of three advanced oxidation technologies, ozone, UV-LEDs/H2O2 and 

UV-LEDs/Cl2, for the treatment of water from three different locations in the drinking 

water treatment process. 
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1.4 Organization of Thesis 

Chapter 2 summarizes a summary of literature studies on the effects of global warming 

on drinking water, limitations of existing technologies, advanced oxidation technologies, 

and UV-LED technologies. The goal of this chapter is to give the reader context about the 

significance of the study as well as the context. 

 

Chapter 3 describes all the experimental methods and experimental designs used in this 

thesis, including all the instruments, and all the parameters measured.  

 

Chapter 4 investigates novel UV-LEDs AOPs as well as conventional ozone reactions on 

NOM in drinking water, and after analyzing their principles, compared the three AOPs in 

many ways using various parameters and talk about their prospects. 

 

Chapter 5 completes the summary of all the experimental results of this paper and points 

out the shortcomings of the current experiments as well as possible directions for future 

experiments. 
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Chapter 2: Literature Review 

2.1 Natural Organic Matter 

Natural organic matter (NOM) is generally a mixture of organic compounds typically 

found in groundwater and surface water (Dobrović et al., 2007). NOM is primarily 

produced by, but not limited to, leaf litter in the water and normal organic biological 

metabolism (X. Yang et al., 2013). Due to the complexity of its source, NOM in water also 

generally has a heterogeneous composition (Selberg et al., 2011) Moreover, its content is 

more related to the climate, especially the temperature, as the metabolism of organic life 

forms changes with the temperature (Prasad et al., 2020a). 

 

2.1.1 Parameters 

The concentration of organic matter in water is usually determined by the Total Organic 

Carbon (TOC), while Dissolved Organic Carbon (DOC) determines the amount of 

dissolved organic matter in water as classified by filtration through a 0.45-micron filter 

paper (Steinberg, 2003). TOC and DOC can indicate the content of organic matter in water. 

However, it is not possible to analyze the composition and type of organic matter with 

certainty, so there is a need to combine the use of excitation-emission matrix fluorescence 

spectroscopy (FEEM), ultraviolet and visible absorption spectroscopy (UV-Vis), and other 

measurement methods to determine the characteristics of NOM in water in more detail 

(Dobrović et al., 2007; Steinberg, 2003).  
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Ultraviolet and visible (UV-Vis) absorption spectroscopy plays a vital role in analyzing 

organic matter in water (Matilainen et al., 2011). The concentration of a specific substance 

(analyte) dissolved in a solution can be determined by measuring the attenuation rate of 

light as it passes through a sample or is reflected from its surface. The versatile technique 

allows absorbance measurements to be made at a single wavelength or over a wide spectral 

range. Typically, wavelengths between 220 and 280 nm are best suited for NOM 

measurements (Hur et al., 2006). However, due to the wide variety of NOM species and 

their relatively complex structures, the luminescent chromophores they contain vary with 

different species of NOM. Different wavelengths recognize these different chromophores 

(Prasad et al., 2020a). The absorbance at 220 nm is related to carboxyl and aromatic 

chromophores, while the absorbance at 254 nm is related to aromatic groups with different 

degrees of activation. It is worth noting that although UV254 primarily represents aromatic 

features, it has become an alternative measurement for DOC analysis in the general 

literature (Matilainen & Sillanpää, 2010; X. Yang et al., 2013). 

2.1.2 Composition  

NOM can be categorized into two main properties: hydrophobic and hydrophilic (Edzwald, 

1993). On average, about 45% of DOC in rivers and lakes is composed of hydrophobic 

aquatic humus, but the exact proportion is uncertain and is also governed by various factors 

(Thurman, 2012). The fractionation method for determining the proportion of organic 

matter in water is referred to as the Leenheer method described by Marhaba (Leenheer et 

al., 1982; Leenheer & Noyes, 1984; Steinberg, 2003). The standard classifications and 

chemical compositions of NOM in lakes and rivers are listed in Table 2-1 for reference. 
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 Table 2-1 Natural Organic Matter Fractions (Edzwald, 1993)  

Fraction Chemical Groups 

Hydrophobic 

Acids 

Humic and fulvic acids, high MW alkyl monocarboxylic and 

dicarboxylic acids, aromatic acids, phenols, tannins, 

intermediate MW alkyl monocarboxylic and dicarboxylic 

acids 

Bases Proteins, aromatic amines, high MW alkyl amines 

Neutrals 
Hydrocarbons, aldehydes, high MW methyl ketones and 

alkyl alcohols, ethers, furans, pyrrole 

Hydrophilic 

Acids 
Hydroxy acids, sugars, sulfonic, low MW alkyl 

monocarboxylic and dicarboxylic acids 

Bases Amino acids, purines, pyrimidines, low MW alkyl amines 

Neutrals 
Polysaccharides: low MW alkyl alcohols, aldehydes, and 

ketones 

 

Recently, fluorescence spectroscopy has increasingly detected organic matter in water 

(Trueman et al., 2016). Fluorescence spectrometry is typically used to analyze samples 

through FEEM instruments (Korshin et al., 1999). Advantages include rapid, flexible, and 

accurate characterization, the ability to differentiate between different NOM species with 

no sample pre-treatment required, and small sample volumes required for testing 

(Bridgeman et al., 2011; Hudson et al., 2007; Hur et al., 2006). Fluorescence methods can 

provide helpful information about the type of NOM, the difficulty of handling it, and the 

percentage it contains. They can also be used to explore the sources from which it is 

generated (Bridgeman et al., 2011). 
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2.1.3 Increasing NOM in Surface Water 

The reasons for the increase in organic matter in water are multifaceted, with seasonal 

changes in the environment and temperature being key influences (Thurman, 2012). It has 

been found that DOC levels in water are significantly higher in the fall and winter 

compared to spring and summer due to increased leaf litter and other biological activity 

44(Sharp et al., 2006). During the same season, the growth of DOM in the water also varied 

with temperature. The main reason is that biological activity becomes more frequent as 

temperatures rise (Matilainen et al., 2010; Xiao et al., 2020).  Not only that but there is 

also a correlation between the amount of organic matter in drinking water sources and 

rainfall (Prasad et al., 2020b). According to the study, the content of dissolved organic 

matter in the same water source increased by 1.7 and 2.0 times in a short period after two 

rainfalls compared to the previous period (McDonough et al., 2020). This study also found 

that the composition of the organic matter in the water changes after a significant amount 

of precipitation. The amount of aromatic organic matter in the water was significantly 

higher after precipitation (McDonough et al., 2020). Changes in the content of dissolved 

substances in water are influenced by various factors, among which the influence of 

climate is relatively significant. 

 

Moreover, in recent years, the effects of climate change have been more prominent 

worldwide, bringing with it a variety of climate problems not limited to rising temperatures 

(Houghton, 2005). According to data from eastern China, the linear trend in average 
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summer rainfall anomalies across the regions studied in this research has been +7.5% per 

decade since 50 years ago, as global warming trends have become evident (Gong & Wang, 

2000). Precipitation is also becoming more variable with increasing temperatures; worse, 

its unpredictability is increasing (Kerr, 2007). Such uncertainty is exacerbated by the 

frequency of extreme precipitation events, which increases the global risk of flooding (Yoo 

et al., 2005).  

 

Due to climate change and the close correlation between rainfall and NOM content in 

water, in general, the content of organic matter in water has shown an increasing trend in 

recent years (Kerr, 2007; Matilainen et al., 2010; McDonough et al., 2020). Significant 

increases in NOM levels in surface water sources have been found in Norwegian studies 

over the past decade, and the same observations have been reported from several sites in 

Europe and North America (Eikebrokk et al., 2004). It was found that DOC data from 

surface water sources showed a decade-long trend of annual increases in Nova Scotia, 

which directly led to adding more coagulants in the coagulation process during water 

treatment (Anderson et al., 2023). 

 

2.1.4 NOM Associated Hazards 

The effects of more NOM are mainly seen in the increase in the number of chemical 

reagents needed to treat the water and the difficulty of filtration (Anderson, DeMont, et al., 

2023). Due to the increased dissolved organic matter in the water, higher doses of 

coagulants are added to the coagulation process to ensure uniformity of coagulation and 



12 

 

the water's usability (Edzwald, 1993). The filtration process also has seriously challenged 

the system's effectiveness due to the increase in difficult-to-filter substances in the water 

body (DeMont et al., 2021). At the same time, there has been an increase in the presence 

of metals such as iron and aluminum in surface water (Neal et al., 2008) due to the increase 

in coagulant doses. Furthermore, the increase in disinfection by-products (DBP) during 

chlorine disinfection of treated water due to the increase in organic matter is an even more 

severe problem and one of the primary considerations of this research (Anderson et al., 

2023). 

 

2.1.4.1 DBPs 

DBPs are an unavoidable problem in water treatment process, mainly because the organic 

matter in the water reacts with chlorine used for disinfection and produces various by-

products (Srivastav et al., 2020). The first DBPs found in the water were trihalomethanes 

(THMs) in sanitized swimming pools (Rook, 1972). THMs have been the most important 

of the DBPs that have been studied and have been considered the DBP that accounts for 

the most significant percentage of drinking water in relative terms (Boorman, 1999). 

THMs are one of two groups of DBPs for which the Guidelines for Canadian Drinking 

Water Quality have a legal restriction; the other is haloacetic acids (HAAs) (Canada, 2014). 

The maximum acceptable concentration (MAC) for THMs and HAAs are 100 ug/L and 

80 ug/L, respectively (Canada, 2014). At the same time, THMs and HAAs are composed 

of many chemicals and not all disinfection byproducts are regulated, but their presence 
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can still threaten human health (Boorman, 1999). Table 2-2 lists the primary compounds 

detected so far for reference. 

 

Table 2-2 Chemistry of DBPs Formation (Singer, 1994) 

Class of DBP Chemical Names 

Trihalomethanes 
(THMs)  

Chloroform 
Bromodichloromethane 
Dibromochloromethane 

Bromoform  

Haloacetic acids 
(HAAs) 

Monochloroacetic acid 
Dichloroacetic acid 
Trichloroacetic acid 

Monobromoacetic acid 
Dibromoaeetic acid 
Tribromoacetic acid 

Bromochloroacetic acid 
Bromodichloroacetic acid 
Dibromochloroacetic acid 

Haloacetonitriles 
(HANs)  

Dichloroacetonitrile 
Trichloroacetonitrile 
Dibromoacetonitrile 
Tribromoacetonitrile 

Bromochloroacetonitrile  

Cyanogen halides Cyanogen chloride 
Cyanogen bromide 

Halopicrins Chloropicrin 
Bromopicrin 

MX 3-chloro-4-(dichloromethyl)-5-hydroxy-2 (5H)-furanone 
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2.2 Existing Techniques for Treating NOM and Limitations 

2.2.1 Coagulation 

Coagulation is the most common method for removing NOM in drinking water treatment 

(Matilainen et al., 2010). Coagulation is a process in which small soluble particles in water 

react with a coagulant to produce microparticles, thereby utilizing the decrease in the 

repulsive potential of the colloidal bilayer. During the flocculation stage, these 

microparticles collide, forming larger flocs that become easily separable (Budd et al., 

2004). When NOM increases in water, enhanced coagulation is the most direct way to 

achieve better removal of organic matter by increasing the amount of coagulant. 

 

Aluminum is the most common coagulant in water and wastewater treatment (Matilainen 

et al., 2010). Aluminum salts are generally effective in removing a wide range of 

impurities from water, including colloidal particles and dissolved organic matter (Duan & 

Gregory, 2003). The most used aluminum-based coagulant is alum (Al2(SO4)3), and other 

coagulants include aluminum chloride (AlCl3), poly-aluminum-chloride (PACl) 

etc.(Chow et al., 2009), which is widely used in drinking water treatment in Canada due 

to its low cost and good results (Anderson et al., 2023). Using alum at low temperatures 

or lower pH may result in higher levels of aluminum remaining in the finished water, 

which poses a health hazard or causes other problems in the distribution system, such as 

spontaneous flocculation. This situation can be avoided by controlling the pH, but it can 

also impact turbidity and NOM removal.(Matsukawa et al., 2006). Also, if there is too 

much NOM in the water, more aluminum coagulant is needed to help complete the 
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removal. However, too much aluminum has been shown in studies to have the potential to 

cause Alzheimer's disease (Flaten, 2001). Therefore, using alum may need to be carefully 

considered in some cases (Matsukawa et al., 2006). 

 

In order not to excessively increase the use of aluminum to treat NOM, PACl has also been 

widely used as a more efficient coagulant (Matilainen et al., 2010b). PACl is made from 

partially neutralized (pre-hydrolyzed) aluminum chloride in an increased, highly charged, 

moderately molar mass hydrolyzed species (Dongsheng et al., 2006; Yu et al., 2007). The 

advantages are that it is not very demanding in temperature and pH compared to alum salts 

and does not require much natural alkalinity to operate efficiently because it has basicity. 

In many cases, the ability to remove NOM is greater than alum and requires lower dosages, 

leaving less aluminum in the treated water (Levchuk et al., 2018; Matilainen et al., 2010; 

Tang et al., 2015; Yu et al., 2007). However, PACl as a coagulant has its apparent 

limitations. The coagulation effect is significantly affected by the type of species 

hydrolyzed by the coagulant. Besides it is relatively expensive to use compared to Alum. 

(Dongsheng et al., 2006; Yu et al., 2007). 

 

In addition to these two common coagulants, new types of coagulants such as iron 

coagulants, aluminum- and iron-based polymeric flocculants combined with polyciliate, 

inorganic salts and polyelectrolytes, etc., are constantly being developed and utilized in 

water treatment (Matilainen et al., 2010). However, these coagulants have their limitations 

or very high price costs, this gives it significant limitations in practical use (Matilainen et 

al., 2010). 
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2.2.2 Adsorption by Active Carbon  

Adsorption technology is one of the standard and effective methods for NOM removal in 

water treatment (Korotta-Gamage & Sathasivan, 2017). Due to its unique, highly porous 

structure and efficient adsorption properties, activated carbon is widely used in this field 

(Satya Sai et al., 1997). Activated carbon is characterized by its very high surface area, 

porous structure, and unique surface chemistry, which enable it to effectively adsorb and 

immobilize various organic and inorganic substances (Moreno-Castilla, 2004). The 

adsorption capacity of activated carbon is influenced by its surface area, pore structure and 

surface chemistry. A larger surface area provides more adsorption sites. At the same time, 

the pore structure determines the selectivity and diffusion rate of the adsorbent, and the 

surface chemistry influences the affinity between the adsorbent and the adsorbate 

(Newcombe & Drikas, 1997; Xing et al., 2008).  

 

In drinking water treatment, there are two primary forms of activated carbon: granular 

activated carbon (GAC) and powdered activated carbon (PAC) (Korotta-Gamage & 

Sathasivan, 2017). Granular activated carbon is typically used in continuous flow 

treatment systems, which continuously removes impurities from the water. Conversely, 

powdered activated carbon is often used when rapid treatment and effective removal of 

contaminants quickly is required, such as emergency treatment. Both have their unique 

advantages and applications in different treatment scenarios. 

 

Activated carbon has an excellent effect on NOM removal (Newcombe & Drikas, 1997). 

However, it has its limitations. The main limitation is that it loses its absorption capacity 
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over time and decreases porosity (Ghosh et al., 1999). One of the main reasons for the 

decrease in adsorption capacity is the occupation of adsorption sites by absorbed organic 

matter and the ability of contaminants to form complexes with organic carbon and change 

its physical, chemical and transport properties (Ghosh et al., 1999; Quinlivan et al., 2005; 

Woo et al., 1997). Once activated carbon loses its absorptive capacity, it cannot recover 

independently and needs to be artificially restored (Newcombe & Drikas, 1997). Currently, 

there are methods such as catalytic processes, extractive regeneration, reactive 

regeneration, etc. Regardless of the method, there is a certain amount of secondary 

pollution and a large amount of energy consumption, an unavoidable limitation of using 

activated carbon (El Gamal et al., 2018; Sheintuch & Matatov-Meytal, 1999). 
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2.3 Advanced Oxidation Process 

Advanced Oxidation Processes (AOPs) all share a standard chemical signature that enables 

the use of a variety of highly reactive with highly oxidizing free radicals to break down 

complex organic compounds, resulting in the degradation and mineralization of less 

reactive contaminants (Andreozzi et al., 1999). AOPs are one of the most cutting-edge 

drinking water purification and disinfection technologies, and due to their extensive range 

of adaptations and the absence of secondary contamination, they have yielded promising 

results (Jarvis et al., 2008; Toor & Mohseni, 2007). Although, in many cases, AOPs have 

not been detected to reduce the total amount of NOM ultimately, several studies have 

shown that AOPs are effective in degrading specific large molecules of NOM into smaller 

ones and slowing down the formation of DBPs (Matilainen & Sillanpää, 2010).  

 

This chapter will introduce several common AOPs, including those used in this paper. 

Finally, a description and identification method of free radicals they produce and the 

reaction mechanisms will be given, including examples of existing methods and 

limitations. 

 

2.3.1 Ozone-Based Advanced Oxidation Technologies.  

As one of the most traditional AOP processes, the ozone process is characterized by its 

direct reaction and extremely high efficiency (Parsons, 2004). Due to its high efficiency 

and ability to comprehensively treat organic matter, experiments have demonstrated its 

feasibility in treating water bodies on a large scale. The main ozone-based advanced 
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oxidation process classifications are O3/UV, O3/H2O2, O3/Homogeneous catalyst and 

direct ozone oxidation (Rekhate & Srivastava, 2020). The ozone process has many 

applications in drinking water and wastewater treatment. The first prerequisite for using 

ozone AOP is the need to make ozone, which requires oxygen to be made by electrical 

energy in an ozone-making apparatus (Rakness et al., 1996), the efficiency of which 

generally depends on the power level of the electrical power, whose reaction formula is 

shown in Equation 2-2 (Rekhate & Srivastava, 2020; Tichonovas et al., 2017). 

 

Equation 2-2 Ozone Generation Pathway 

𝑂𝑂2 + 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 → 2𝑂𝑂 · 𝑂𝑂2 +  𝑂𝑂 · →  𝑂𝑂3 

 

However, the ozone combined with the UV process requires relatively high power costs. 

Therefore, it is more reasonable to use ozone directly to treat drinking water if it is used 

on a large scale in production. Experiments have shown that ozone can also effectively 

reduce organic matter in water, thereby reducing DBPs (S. MacIsaac, 2021). However, the 

reason for the reduction is a direct reduction of TOC and the decomposition of large 

organic molecules into small, easily degradable molecules remains to be 

demonstrated(Parsons, 2004; Rekhate & Srivastava, 2020; Tichonovas et al., 2017). The 

formula for the production of hydroxyl radicals by the direct reaction of ozone in water is 

shown in Equation 3-3 (Rekhate & Srivastava, 2020). 

 

 

Equation 2-3 Ozone advanced oxidation reaction pathway 

𝑂𝑂3 +  𝐻𝐻2𝑂𝑂 →  𝐻𝐻2𝑂𝑂2 + 𝑂𝑂2 
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𝐻𝐻2𝑂𝑂2 → 2 𝑂𝑂𝑂𝑂 · 

 

2.3.2 UV/H2O2 Advanced Oxidation Technologies 

H2O2-based advanced oxidation has a long history of degrading target organic compounds 

in natural water matrices, and the conclusions of many studies have demonstrated its 

effectiveness and potential for practical application (Beltrán et al., 1993; Rosenfeldt et al., 

2006). A few of the more common hydrogen peroxide-related advanced oxidation 

techniques are UV/Fe2+/H2O2, UV/H2O2, Fe2+/H2O2, and H2O2/O3 (Lamsal et al., 2011; S. 

MacIsaac, 2021; Xu et al., 2009). Overall, H2O2-based AOPs have a more direct chemical 

pathway for the generation of hydroxyl radicals, with one mole of hydrogen peroxide 

splitting into 2 moles of hydroxyl radicals in an energy-catalyzed reaction equation shown 

in 2-1 (S. MacIsaac, 2021). 

 

Equation 2-1 H2O2-Based Advanced Oxidation Pathway. 

𝐻𝐻2𝑂𝑂2 
ℎ𝑣𝑣
��  2𝑂𝑂𝑂𝑂 · 

2 (𝐻𝐻2𝑂𝑂2 +  𝑂𝑂𝑂𝑂 ·)  → 𝐻𝐻2𝑂𝑂 + 𝐻𝐻𝑂𝑂2 · 

2𝐻𝐻𝑂𝑂2 · →  𝐻𝐻2𝑂𝑂2 + 𝑂𝑂2 

 

Among these, UV/H2O2 AOPs have been widely investigated in drinking water treatment 

and have great potential (Toor & Mohseni, 2007). It was found that this technology has 

great potential in drinking water treating NOM along with many of the same 

micropollutants as pharmaceutical products (Jung et al., 2012; Muruganandham & 
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Swaminathan, 2004). In addition, UV/H2O2 technology can be applied on a large scale to 

remove micropollutants and organics at a much lower cost than other advanced oxidation 

technologies (Miralles-Cuevas et al., 2017).  

 

Studies have found that UV/H2O2 AOPs can reduce the formation of DBPs in drinking 

water in two ways; they also found that after this treatment at high doses of UV as well as 

hydrogen peroxide can completely oxidize or mineralize NOM and reduce the TOC 

content (Parsons, 2004; Sundstrom et al., 1986). In a UK-based study, a UV/H2O2 AOP 

was highly effective in directly degrading not only UV254 but also DOC. 254nm UV-C 

LP was used as the light source, and the degradation of DOC in natural water with a raw 

DOC of 17.4mg/L was achieved at a dose of 22,000mJ/cm2 of UV radiation in combination 

with 2mM H2O2. The degradation rate of DOC in natural water with original DOC of 17.4 

mg/L reached 74% (Goslan et al., 2006). Other studies have found that UV-H2O2 

intermediate treatment partially oxidizes NOM and its sizeable molecular weight 

constituents to smaller, more biodegradable substances, thereby reducing the production 

of DBPs (Matilainen & Sillanpää, 2010; Toor & Mohseni, 2007). Recently, however, 

experiments on drinking water sources  found that advanced oxidation by UV mercury 

lamps in combination with hydrogen peroxide not only did not reduce the generation of 

DBPs but also led to an increase in the content of THMs (S. MacIsaac, 2021). The results 

of experiments on this technology regarding drinking water have been contradictory in 

many studies. Therefore, more research is needed on the UV-H2O2 advanced oxidation of 

organic matter to determine its effects on water bodies. 
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2.3.3 Chlorine-Based Advanced Oxidation Technologies 

Chlorine-based AOPs are one of the emerging technologies for water treatment AOPs 

since chlorine is the chemical used for disinfection in the final step of water treatment (Gil 

et al., 2019). For this reason and because of the availability of chlorine disinfection tanks, 

Cl2-AOP is also a good choice for the use of AOP in current treatment plants, as it can be 

easily retrofitted into existing drinking water treatment plants, especially after installation 

and filtration, so that upgrades can be accomplished in the existing water treatment plant 

(Lamsal et al., 2011; S. MacIsaac, 2021). Chlorine-based advanced oxidation is mainly 

accomplished by optically catalyzed HClO, where UV is the primary excitation (Cheng et 

al., 2020). Moreover, due to the instability of chlorine in water, the mechanism regarding 

its reaction with UV of different wavelengths and the products of advanced oxidation is 

also different (Wang et al., 2016). Moreover, according to some studies, the chlorine-based 

advanced oxidation reaction under UV radiation below 400 nm, which is also the principle 

of the UV- Cl2 reaction in this study, is shown in Equation 2-4  (Liu et al., 2020). 

 

Equation 2-4 UV/Chlorine advanced oxidation reaction pathway 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 ↔  𝐻𝐻+ + 𝑂𝑂𝑂𝑂𝑙𝑙−  (𝑝𝑝𝐾𝐾𝑎𝑎 = 7.5) 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 
𝑈𝑈𝑈𝑈
��  𝑂𝑂𝑂𝑂 ·  + 𝐶𝐶𝐶𝐶 · 

𝑂𝑂𝑂𝑂𝑙𝑙−  
𝑈𝑈𝑈𝑈
��  𝑂𝑂− ·  + 𝐶𝐶𝐶𝐶 · 

𝑂𝑂− ·  + 𝐻𝐻2𝑂𝑂 →  𝑂𝑂𝑂𝑂 ·  + 𝑂𝑂𝐻𝐻− 
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Based on these equations, chlorine and hydroxyl radicals are the leading reactive radicals 

for the advanced oxidation of chlorine radicals. However, many different radicals have 

been found in the literature to be involved in chlorine-based reactions, and the differences 

in radicals may come from a combination of the pH of the reaction, different wavelengths, 

and different reacting substances. 

 

It has been demonstrated that chlorine-based AOP is more effective than H2O2-based AOP 

in reducing fluorescence intensity and UV254 in water treatment experiments(Sgroi et al., 

2021). It is also more effective in treating complicated drug compounds such as antibiotics 

than hydrogen peroxide and ozone (Sgroi et al., 2021; Farzanehsa et al., 2023; Toor & 

Mohseni, 2007). While UV/chlorine experiments appear more advantageous for UV254 

reduction, chlorine-related advanced oxidation experiments have a greater risk of 

producing more DBPs due to adding additional chlorine reagents (Yin, Zhong, et al., 2018). 

Also, due to the change in chlorines form in the water by UV, the disinfection by-products 

produced are uncertain and may even produce new types of by-products that cannot be 

detected (Tian et al., 2020). Therefore, more experiments are needed to measure the risk 

and value of chlorine-based advanced oxidation to determine whether it is feasible for 

practical large-scale use. 

 

2.3.4 Determination Method of Advanced Oxidizing Radicals 

Determining reactive radicals is an important step to find the optimal conditions for 

advanced oxidation (Jarvis et al., 2008; Rekhate & Srivastava, 2020; Wang et al., 2016). 
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The most mature technique in free radicals is the use of pCBA for the determination of 

OH-; the maturity of this technique is reflected in the stability of pCBA under non-radical 

interference, which is challenging to be interfered with by other factors (Rosenfeldt et al., 

2006). For this reason, it is possible to measure the free radicals produced, allowing the 

strength of the reaction and the principle to be determined (Elovitz & Von Gunten, 1999). 

In an idealized or pure water system, pCBA is degraded by ozone. Therefore, it is not easy 

to use pCBA to identify free radicals in ozone experiments (Pi et al., 2005). 

 

As previously discussed, for chlorine-related reactions, the reaction is a combination of 

different radicals (not only hydroxyl radicals), so pCBA is not the best choice in this case 

(Farzanehsa et al., n.d.; Rosenfeldt et al., 2006; Sgroi et al., 2021). It has been shown in 

several studies that the use of nitrobenzene in chlorine-based reactions allows the 

extraction of the reactive fraction of OH· alone (Liu et al., 2020; Sun et al., 2016). 

Moreover, the separation of Cl·can be measured by benzoic acid as an indicator to 

determine the proportion of this radical in the reaction. The equations for these two 

reactions are shown in Equations 2-4 (Liu et al., 2020; Sun et al., 2016; Xu et al., 2009). 

However, since the method has not been fully developed, various other factors can affect 

the concentration of benzoic acid. It is also possible that there are many more free radicals 

than those produced in the chlorine-based reaction. Therefore, it is necessary to continue 

researching this issue. 

 

Equation 2-4 Calculation of OH· and Cl·by nitrobenzene and benzoic acid 
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�[𝑂𝑂𝑂𝑂 ·]𝑡𝑡𝑑𝑑𝑑𝑑 =  
ln([𝑁𝑁𝑁𝑁]𝑡𝑡/[𝑁𝑁𝑁𝑁]0)

𝑘𝑘𝑁𝑁𝑁𝑁,𝑂𝑂𝑂𝑂·
 

 

�[𝐶𝐶𝐶𝐶 ·]𝑡𝑡𝑑𝑑𝑑𝑑 =  
ln([𝐵𝐵𝐵𝐵]𝑡𝑡/[𝐵𝐵𝐵𝐵]0) − 𝑘𝑘𝐵𝐵𝐵𝐵,𝑂𝑂𝑂𝑂· ∫[𝑂𝑂𝑂𝑂 ·]𝑡𝑡𝑑𝑑𝑑𝑑 

𝑘𝑘𝐵𝐵𝐵𝐵,𝐶𝐶𝐶𝐶·
 

 

2.4 UV Technology for Water Treatment 

Ultraviolet (UV) technology has been widely used in the field of water and wastewater 

treatment for decades, primarily for sterilization and disinfection and, more recently, for 

advanced oxidation with the treatment of difficult-to-degrade organics in water (Sarathy 

& Mohseni, 2006; Song et al., 2016; W. Yang et al., 2014, 2014). In contrast to traditional 

chemical disinfection methods, UV disinfection produces regulated DBPs and does not 

require adding any chemicals (Meulemans, 1987; Sommer et al., 1998). In treating 

organics, it is also characterized by reduced chemical additions, high efficiency, and 

universality (W. Yang et al., 2014). 

 

The UV and visible spectra are shown in Figure 2-1, showing UV wavelengths from 100 

nm to 400 nm are UV (S. MacIsaac, 2021). Ultraviolet light can be divided into four 

categories according to wavelength: UV-A (315~400nm), UV-B (280~315nm), UV-C 

(200~280nm) and vacuum UV (100~200nm) (Förster, 2004). The best and most promising 

research for disinfection and advanced oxidation applications is currently UV-C, which 

will be this paper's UV wavelength of focus (Sarathy & Mohseni, 2006; Song et al., 2016). 
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This chapter will then analyze the traditional UV mercury lamp, the advanced UV-LED 

technology and the future of UV technology in water treatment technology development. 

 

Figure 2-1 Visible light and UV spectrum 

 

2.4.1 Mercury UV Emitters 

The most common and traditional UV technology used today is UV mercury lamp 

technology (S. MacIsaac, 2021). UV mercury lamps are discharge lamps mainly 

containing mercury vapour and other gases. The main principle of operation is that when 

an electric current is passed through these gases, the mercury vapour produces UV light 

(Heikkilä et al., 2009). Generally speaking, according to the power size, UV mercury 

lamps are divided into medium-pressure mercury lamps (MP) and low-pressure mercury 

lamps (LP) (S. MacIsaac, 2021). MP is generally used as a high-level oxidizing light 

source to treat organic matter; low-pressure mercury lamps are used as disinfection 

equipment(Sarathy & Mohseni, 2006; Song et al., 2016). They have the advantage of 

higher power and efficient treatment capacity. 
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Although it can be practically used in water treatment on a large scale, UV mercury lamps 

have some limitations (Roback et al., 2021). First, the wavelengths of mercury lamps are 

diffuse, especially in low-pressure mercury lamps, and it is not possible to concentrate the 

energy at specific wavelengths. In addition, UV lamps need to be replaced regularly and 

must be disposed of properly because they contain harmful mercury (Hölz et al., 2017). 

They also have a relatively large equipment size, as shown in the laboratory schematic in 

Figure 2-2. In summary, using UV mercury lamps in aqueous environments provides a 

viable method of disinfection and advanced oxidation for water treatment that can be 

implemented on a large scale. However, its limitations, application conditions, and 

environmental contamination must be considered. 

 

Figure 2-2 Bench-scale UV MP Set-up  

 

2.4.2 UV Light Emitting Diode Emitters (LEDs) 

As an alternative to large, toxic gas-based UV mercury lamps, compact, high-efficiency 

UV solid-state light sources, UV-LEDs have attracted significant interest in water 



28 

 

treatment in recent years (Taniyasu et al., 2006). UV-LEDs are not only environmentally 

friendly and energy efficient compared to traditional mercury lamps, but more importantly, 

they have a long service life, are compact and can be easily adapted to various designs 

(Beck et al., 2017; Song et al., 2016). 

 

Another advantage of LEDs in water treatment is that their wavelengths are more 

concentrated and selectable. This is especially true in disinfection, where many studies 

have found that applying different wavelengths of UV light makes a difference in killing 

microorganisms (Song et al., 2016). Moreover, different UV wavelengths have different 

killing efficiencies for different microorganisms (Muramoto et al., 2014). Regarding 

disinfection, UV-LEDs demonstrate a much higher potential and efficiency than mercury 

lamps(S. A. MacIsaac et al., 2023). 

 

Meanwhile, research in UV-LEDs in advanced oxidation is not as widespread as 

sterilization. Most of the studies have focused on studying wastewater treatment and the 

degradation of antibiotics (Yin et al., 2020; Yin, Ling, et al., 2018). Notably, these studies 

have found that the amount of free radicals produced by the same UV radiation dose under 

certain conditions is not inferior to that of UV mercury lamps (W. Yang et al., 2014; Yin 

et al., 2020; Yin, Ling, et al., 2018).  

 

In recent years, research has found that UV-LEDs have also been beneficial for full-scale 

drinking water disinfection treatment (Jarvis et al., 2019). This study is fascinating to fill 
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the experimental gap of UV-LEDs for the advanced oxidation part of natural drinking 

water. 

 

2.4.3 Future Prospects for UV Technologies 

As our planet witnesses an escalating demand for untainted drinking water, UV technology 

is emerging as a cornerstone in water treatment. Its swift, residue-less disinfection 

modality prowess is commendable; UV technology also plays a seminal role in advanced 

oxidation processes. This opens innovative avenues for tackling and eliminating tenacious 

organic contaminants that often elude conventional treatments. This breakthrough 

promises heightened efficiency and fosters a more sustainable and cost-effective approach 

to water purification. Given its myriad advantages, UV-LED technology will become 

integral to large-scale water treatment infrastructures globally. 
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Chapter 3: Material and Methods 

3.1 Water Source and Water Characteristics 

Pockwock Lake, a primary drinking water source in Halifax, was selected as the subject 

of this study. As a representative drinking water lake in Nova Scotia, this water source is 

characterized by low alkalinity (<5 mg/L CaCO3) and low pH (<6) (Stoddart & Gagnon, 

2015). In recent years, there has been an increasing trend of elevated NOM levels in the 

water of Pockwock Lake and associated water quality problems (Anderson et al., 2023). 

To simulate the treatment process of specific drinking water, the water body in the Pilot 

Plant of J.D. Kline Water Supply Plant, which takes water directly from Pockwock Lake, 

was selected as the experimental object. 

 

3.1.1 J.D. Kline Water Supply Plant and Pilot Plant  

The J. Douglas Kline Water Supply Plan (JDKWSP) is the primary drinking water supply 

plant in the Halifax area. The plant draws raw water directly from Pockwock Lake, where 

it undergoes treatment steps, including pre-screening, oxidation, pre-chlorination (only in 

algal risk conditions), coagulation and flocculation to remove particulates, direct dual 

media (2-feet anthracite and 1-foot sand) filtration, and finally chlorine disinfection before 

entering the distribution system. The increasing trend in Natural Organic Matter (NOM) 

levels in Pockwock Lake water throughout the 21st century is clearly discernible, as 

demonstrated by the rising trends in DOC and color averages depicted over consecutive 

years in Figure 3-1. 
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Figure 3-1 Historical average annual DOC and color for Pockwock Lake (Anderson et 

al., 2023) 

 

The coagulant added during the coagulation process is alum, and the amount added is 

determined by the amount of organic matter detected in the water. Similarly, in the final 

disinfection process, the amount of chlorine added varies with residual in the distribution 

system; the residual of the chlorine is related to the organic matter in the water. Water 

entering the plant is first pre-oxidized with potassium permanganate at a rate of 0.15 mg/L, 

and the pH is adjusted to 9.6-10 using lime. JDKWSP primarily uses aluminum sulfate as 

the coagulant, at an average dosage of about 20 mg/L (Anderson et al., 2023). The water 

is then coagulated with a cationic polymer to improve coagulation and flocculation 

properties and to increase the flocculation time. Subsequently, cationic polymers are added 

to improve coagulation and flocculation properties and to reduce the flocculation time. 

After flocculation there is no clarification stage, and the water goes directly to filtration. 
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Water containing flocculants enters a dual media anthracite and sand filter. Before entering 

the water distribution system, it is chlorinated and disinfected. The chlorine dosage in the 

water treatment plant is adjusted according to the concentration of organic matter in the 

filtered water, rather than being kept constant. In recent years, there has been an upward 

trend in the concentrations of organic matter detected in the raw water, and an increase in 

DOC of about one mg/L has been found in the natural moisture. This places higher 

demands on water treatment processing with the need for more aluminum and chlorine to 

treat these issues (Anderson et al., 2017). 

 

3.1.1.1 Pilot Plant  

Within the J.D. Kline Water Supply Plant, a Pilot Plant was established for experimental 

research and to explore improvement and innovation programs. The raw water is divided 

into two treatment trains in the Pilot Plant. The treatment process of the first train is the 

same as that of the J.D. Kline Water Supply Plant and is used as a reference group to 

compare the second train. The second train is akin to the first one, with the difference of a 

sedimentation step before filtration. The second train was chosen for the experiment, in 

which the processing flow is shown in Figure 3-2. 
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Figure 3-2 JDKWSP pilot plant treatment process schematic 

 

In this experiment, the second train was selected as the experimental water sampling point, 

and its general processing flow is shown in Figure 3.1. It is worth noting that this process 

has three different filtration systems. The first filtration system is identical to that of the 

Water Supply Plant, 2-feet anthracite and 1-foot sand, referred to as the Ant/Sand filtration 

system. The second filtration system replaced the top foot of anthracite with GAC, which 

helped absorb some of the organic matter and was called GAC/Ant/Sand. The third 

filtration system replaced both feet of anthracite with GAC, forming the GAC/Sand 

filtration system. In this experiment, Sedimentation, Ant/Sand, and GAC/Sand were 

selected as sampling points to measure the effect of different locations in the process and 

other filtration systems on advanced oxidation to determine representative water samples 

(Anderson et al., 2023). 

 

3.2 Analytical Methods 

The main parameters measured in this experiment before and after treatment were 

TOC/DOC, UV Scan, SUVA, free chlorine, pH, THMFP, HAAFP, and FEEM. The 
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measurement and essential preservation of the experimental water samples follow the 

standard testing procedures, and the reference book used was The 19th Edition of Standard 

Methods for the Examination of Water and Wastewater (Clesceri et al., 1996). 

 

3.2.1 TOC/DOC 

To measure TOC, water samples were collected and filled in 40 mL glass vials, fixed with 

four drops of phosphoric acid (85%), sealed with a tinfoil cover, and stored in a refrigerator 

at approximately 4 ºC. DOC testing was performed similarly to TOC, except the water 

samples were filtered through a 0.45 μm membrane before measurement. The TOC/DOC 

of water samples were analyzed in a TOC-V CPH analyzer equipped with a Shimadzu 

ASI0-V autosampler and a catalytic combustion oxidation non-dispersive infrared detector 

(NDIR). This detector has a detection limit of 0.08 mg/L, meaning the detectable 

TOC/DOC concentration must be higher than 0.08 mg/L. 

 

3.2.2 UV-Vis Scan & SUVA 

For UV-Vis scan measurements, a HACH DR/6000 UV/Visible spectrophotometer was 

used with a zero-point calibration in the wavelength range of 190 nm to 900 nm, using 

Milli-Q water for calibration. The water sample was removed for cleaning and filling the 

1-cm glass cell for UV-Vis scan measurements. It is important to note that all test water 

samples must be filtered through a 0.45um filter membrane.  
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SUVA is the ratio of the UV absorption coefficient of dissolved organic matter to the 

concentration of DOC. It is used to assess the UV absorbance properties of dissolved 

organic matter in water samples, mainly to provide some information on the origin and 

degradation of organic matter. The specific wavelength selected in this experiment was 

254 nm, and the absorbance of the water sample at 254 nm can be found in the data of the 

UV scan. The measured absorbance coefficient at 254nm UV was divided by the 

corresponding DOC concentration to calculate the SUVA value. Usually, SUVA is 

expressed in units of L/mg·m 

. 

3.2.3 Free Chlorine Measurement 

This study determined free chlorine in the chemical solution's configuration and the 

solution's decision after its reaction. On this DR6000 HACH spectrophotometer, the F&T 

chlorine measurement method was selected with an upper limit of 2 mg/L. A proportional 

dilution was required if the free chlorine in the water sample exceeded 2 mg/L. Method 

calibration was performed using Milli-Q water. A DBP free chlorine reagent containing 

disodium hydrochlorate hydrochloride (EDTA), sodium phosphate dibasic, and N, N-

diethyl-p-phenylenediamine hydrochloride was used for each free chlorine measurement. 

After shaking 10 mL of the measurement sample with a bag of reagent powder in a 10 ml 

standard measuring dish, the reaction was waited for three minutes before completing the 

test. 
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3.2.3 Uniform Formation Potential (UFC) Test  

The UFC test provides a stable and representative chlorinated disinfection by-product 

formation condition. For the UFC test, chlorination conditions were selected to include a 

pH of 8 ± 0.2, an incubation temperature of 24 ± 1°C, an incubation time of 24 ± 1 h, and 

a 24 h free chlorine residual of 1.0 ± 0.4 mg/L. Different chlorine disinfection 

concentrations were formed by adjusting the water samples to pH eight and titrating them 

with a chlorine solution of adjusted pH 8, stored in 130 ml amber bottles. The bottles were 

sealed and kept from light for 24 hours at about 24 °C. After 24 hours, the free chlorine 

concentration in the water was measured to determine the concentration of chlorine that 

needed to be added after the disinfection reaction. Standard Methods for the Examination 

of Water and Wastewater was used as a reference for its operation and the specific 

experimental procedures for cleaning (Bridgewater et al., 2017). 

3.2.4 THMFP and HAAFP  

Before measuring THMFP and HAAFP, 50 g/L ammonium chloride solution, two drops 

of 8 g/L sodium sulphite solution, and three drops of 0.1 N hydrochloric acid for the 

collection of THM samples, one drop of 50 g/L ammonium chloride solution, two drops 

of 8 g/L sodium sulphite solution, and three drops of 0.1N hydrochloric acid were added 

to each pre-washed glass vial. Then, THM samples were collected in these glass vials 

under air-free conditions. HAA samples were kept in baked 23 ml glass vials in an air-free 

manner with one drop of 50 g/L ammonium chloride solution. 
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The THM in the sample is extracted by liquid-liquid extraction gas chromatography with 

THMs and chlorinated organic solvents and then tested. The primary analysis of THMFP 

in a fixed finished 23 ml THM sample vial was performed using a Thermo Scientific Trace 

1310 gas chromatograph equipped with an AI/AS 1310 autosampler. One uL of THM 

extract was injected into a Thermo Scientific Split/Splitless Inert 4 mm swallow neck 

injection tube with glass wool into the GC at a separation flow rate of 18 mL/min and a 

separation ratio of 15%, where the inlet temperature was 220 degrees C. A Thermo 

Scientific TG-5SILMS 30m x 0.25 mm x 0.25 µm column was used for this experiment, 

and ultra-high purity helium (99.999%) was selected as the carrying gas. The investigation 

was started with the oven temperature set at 35°C and held for 3.00 min. We then increased 

the temperature to 80 °C at 60.0 °C/min without any hold time. Next, we continued to 

ramp up to 85°C at a rate of 1.0°C per minute, again without any hold time. We then 

rapidly ramped up to 180°C at a final speed of 125.0°C/min, again with no hold time. The 

total run time for each sample was 9.510 minutes. THM samples were run in this 

experiment at a constant 1.2 mL/min flow rate. We used an electron capture detector (ECD) 

for THM detection, and the data acquisition rate was set to 10 H detector temperature to 

320°C. The pulse amplitude was set to 50 V, the pulse width to 1.0 µs, and the reference 

current to 0.5 nA. 

 

The present experiment differs from conventional experiments in that HAAFP was 

determined from liquid chromatography-mass spectrometry LC/MS. Unlike the traditional 

method of analyzing HAAFP using meteorological chromatography, this method does not 

require extraction or filtration of the immobilized sample. The LC/MS assay for HAA used 
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in this paper is based on the LCMS reference employed by an Agilent 1260 Infinity LC 

and an Agilent 6460 Triple Quad LC/MS device (Daniel & Technologies, n.d.). 

 

3.2.5 Fluorescence Excitation Emission Matrix (FEEM)  

All FEEM samples for this experiment were filtered through 0.45μm filter membranes, 

loaded into 1cm-glass cells, and measured by Aqualog-UV-800. This instrument's 

excitation spectra (EX) ranged from 239 nm to 800 nm, and the emission spectra (E) 

ranged from 246.129 nm to 824.884 nm. The operating system Aqualog V4.3 was selected, 

the bandwidth resolution was set to 3 nm in both the excitation and emission spectra in the 

operating system, and the integration time was 1 second. Milli-Q water was used as a blank 

sample, and the test sample was started after confirming that the system passed the self-

test. After the samples were tested, the data were all exported as CSV. Table 3-1 and Table 

3-2 summarize the fluorescence profile of each NOM fraction (Coble et al., 2014). All the 

mapping methods for the FRI in this thesis using FEEM shining app made for the lab. 

 

Table 3-1 Excitation (EX) and emission (EM) wavelength ranges of five regions (Chen 

et al., 2003)  

Region Characteristics EX (nm) EM (nm) 

Region I Aromatic Protein I 200-250 200-330 

Region II Aromatic Protein II 200-250 330-380 

Region III Fulvic acid-like materials 200-250 380-550 

Region IV Soluble microbial materials 250-340 200-380 

Region V Humic acid-like materials 250-400 380-550 
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Table 3-2 Defined regions for observing fluorescence peaks in excitation (EX) and 

emission (EM) spectra of organic matter in water (Coble et al., 2014) 

Component EX (nm) EM (nm) 

Humic-like(A) 250-260 380-480 

Tyrosine-like(B) 270-280 300-320 

Humic-like(C) 330-350 420-480 

Marine humic-like(M) 310-320 380-420 

Tryptophan-like(T) 270-280 320-350 

 

3.2.6 4-chlorobenzene Acid (pCBA) Analysis 

4-chlorobenzoic Acid (pCBA) is a joint advanced oxidation probe compound commonly 

used primarily as an assay for the generation of hydroxyl radicals during advanced 

oxidation processes related to hydrogen peroxide (Lanzarini-Lopes et al., 2017). This 

experiment used 99% 4-chlorobenzoic Acid from Simga-Aldrich as the raw material. Due 

to the nature of pCBA, 250 μmol/L(S. MacIsaac, 2021; Rosenfeldt et al., 2006) stock 

solution was prepared under heating conditions in a water bath and stored at 4 degrees 

Celsius in a refrigerator protected from light. Subsequently, 10μmol/L, 20μmol/L, 

30μmol/L, 40μmol/L, and 50μmol/L of the test sample stock were diluted before formal 

experiments were required. 

 

The concentration of pCBA was determined by high-performance liquid chromatography 

(HPLC). The HPLC used in this experiment was a PerkinElmer Series 200 HPLC system 

consisting of an Autosampler, Pump, UV/VIS Detector, and a Data Handling System. The 

autosampler syringe was cleaned with a water/methanol mixture (1:4). The autosampler 
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syringe is cleaned with a variety of water and methanol (1:4). The mobile phase used in 

the cleaning pipeline is analytically pure acetonitrile, and the flow rate used is 2 ml/L. The 

mobile phase used in the cleaning pipeline is analytically pure acetonitrile. 

 

The composition of the mobile phase used to determine pCBA was acetonitrile/Milli-Q 

water (60:40), and the set flow rate was 0.9 ml/L. The peaks were relatively stable under 

the conditions of this assay, and there were fewer stray peaks. The pressure change of the 

pump was recorded for each experiment to protect the column as well as the safe operation 

of the equipment, and the pressure was generally between 1350 and 1380 in the 

investigation. Wash samples were added between every ten measurements and were 

prepared with Milli-Q water. 

 

The actual sample concentration and peak area were plotted as x and y-axis, respectively. 

This method measured previously configured samples of 10 to 50 μmol/L to develop a 

standard curve, as shown in Figure 3-3. The linearity of its standard curve has an R-squared 

of 0.9998 (Figure shows 1.00), presenting an excellent linearity. From this curve, the 

concentration of pCBA was determined by measuring the peak area of the pCBA samples 

with a limit of 0-50 μmol/L. The concentration of pCBA in the model was determined by 

measuring the peak area of the pCBA sample. 
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Figure 3-3 pCBA standard curve  

 

Based on the degradation trend lines of pCBA, as kd for those that were acted upon by the 

UV alone and kobs for those that were reacted upon by the H2O2 in conjunction with the 

UV. Furthermore, by using the constant kOH-pCBA (5×109M-1S-1) summarized in the study 

about the correlation between hydroxyl radicals and pCBA degradation rate, combined 

with Equation 4-1, Equation 4-2 it is possible to calculate the number of hydroxyl radicals 

produced in each reaction's response (Rosenfeldt et al., 2005, 2006).   

 

Equation 3-1 Radicals calculation equation for only UV 

𝑅𝑅𝑂𝑂𝑂𝑂  =
𝑘𝑘𝑑𝑑

𝑘𝑘𝑂𝑂𝑂𝑂−𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
 

Equation 3-2 Ozone advanced oxidation reaction pathway 

𝑅𝑅𝑂𝑂𝑂𝑂  =
𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑘𝑘𝑑𝑑
𝑘𝑘𝑂𝑂𝑂𝑂−𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
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3.3 Advanced Oxidation Experimental Design 

3.3.1 UV-related Advanced Oxidation Experimental Design 

Due to technical constraints, the experiments were conducted in a laboratory setting, as in 

Figure 3-4, to simulate the UV-advanced oxidation process in a drinking water treatment 

plant. In this experiment, the UV-LEDs at 280 nm was chosen as the source of all UV light, 

and all UV fluence was measured and computed by Bolton and Linden's method (Bolton 

& Linden, 2003). In the UV advanced oxidation experiment, three different fluences of 

100mJ/cm2, 500mJ/cm2, and 1000mJ/cm2 were selected as low, medium, and high UV 

radiation doses. Compared with the previous experiments on UV-MP AOPs, an additional 

500 mJ/cm2 at 100 and 1000 mJ/cm2 was selected to give a more comprehensive reference 

for practical applications (S. MacIsaac, 2021). Higher doses may be difficult to achieve in 

practical applications (Rosenfeldt et al., 2006; Toor & Mohseni, 2007). 100 ml of the 

experimental water sample was added to a 130 ml Petri dish. Due to the limitations of the 

single experimental volume of the samples, for subsequent experiments to determine 

DBPFP, multiple experiments were required to mix the water samples to complete a single 

determination of the data. 
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Figure 3-4 Bench-scale Advanced Oxidation System 

 

The hydrogen peroxide and chlorine added to the water were set at 1 mg/L and 10 mg/L 

as low and high concentrations, respectively.  Such a choice of oxidizer dose is consistent 

with the dose selected for previous MP AOPs experiments for comparison purposes (S. 

MacIsaac, 2021). The hydrogen peroxide was obtained from a stock solution of 5000 mg/L 

of hydrogen peroxide. Moreover, chlorine was obtained from the original configuration of 

5000 mg/L free chlorine concentration of sodium hypochlorite solution. Due to the 

volatility of chlorine, it was necessary to recalibrate the free chlorine concentration of the 

solution every week of the experiment using the method mentioned in the previous section.  

 

To analyze the reaction, and remove additional interfering factors, hydrogen peroxide and 

chlorine needed to be quenched immediately after the reaction was completed. The 

samples were quenched immediately after UV/hydrogen peroxide treatment using bovine 
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catalase in the laboratory, where the dose of catalase was added in excess each time to 

ensure complete quenching of the hydrogen peroxide. The UV/chlorine treated samples 

were also quenched immediately after treatment with the experimentally configured 5000 

mg/L sodium sulphite solution, which was added in excess doses. After completing the 

quench, the water samples are stored and analyzed for various tests. 

 

3.3.2 Ozone Advanced Oxidation Experimental Design 

Similarly, the laboratory constructed this experiment to simulate advanced ozone 

oxidation, using an Azocon VMUS ozone generator to generate and transport ozone 

through the pipeline to the experimental water body, as shown in Figure 3-5. The semi-

batch method was chosen to assess better the specific ozone content absorbed in the water 

(Mathon et al., 2017). The flow rate of the ozone generator was set to 2 L/min, and the 

generator’s power was set to 50%. The ozone concentration in the water body is controlled 

by adjusting the time to 1mg/L and 10mg/L, calibrated as low and high concentrations. 

Because ozone is unstable in the water column, it evaporates quickly, so no additional 

quenching is required. Regardless, at the end of the experiment, it is usually left for 1 to 2 

minutes to ensure complete evaporation. For ozone experiments, on the other hand, due to 

the low limitation of the amount of water samples passed at a time, it is not necessary to 

accumulate multiple experiments to complete the determination of DBPFP. 



45 

 

 

Figure 3-5 Ozone Generator 

 

  



46 

 

3.4 Hydroxyl Radicals Kinetics Experimental Design 

A representative UV/H2O2 was chosen as a proxy in the experiments to determine UV 

advanced oxidizing radicals. Hydrogen peroxide is less susceptible to acid-base indicator 

reactions than chlorine, and hydrogen peroxide produces a single hydroxyl radical. In 

contrast, chlorine reacts with relatively complex radicals (Liu et al., 2020). Conversely, 

ozone will naturally degrade pCBA when it reacts with the pCBA in pure water and is 

unsuitable for this experiment (Park et al., 2004). 

 

Milli-Q water was first used during the experiment to dilute the already configured pCBA 

stock solution at a concentration of 250 μmol/L and to configure the experimental reagents 

at 50 μmol/L. The reagents were used in the experiment as well. The pH of the reagent 

was measured to be around 4.3, and its effect was strongly related to the pH of Milli-Q 

water during the experiments. 1N NaOH and 1N HCl were used to adjust the pH to 5.5, 

8.0, and 10.0 to study the effect of pH on the UV/H2O2 experiments, respectively. 

Similarly, in each experiment, the UV fluence was controlled to vary from 100, 500, and 

1000 mJ/cm2, and the concentration of hydrogen peroxide was adjusted from 1 mg/L to 

10 mg/L. 

 

0.5 ml of the sample was removed from each reaction, and another 10 μL of catalase was 

used to quench the residual hydrogen peroxide. Also, to ensure that the influencing factors 

of the experiment were determined, additional samples of hydrogen peroxide, hydrogen 

peroxide/catalase mixture, and UV irradiation were added to assess the stability of the 
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variables. All samples were placed in HPLC vials stored in a refrigerator at 4 degrees 

Celsius, and data were collected after the assay by the pCBA method in HPLC. 
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Chapter 4: Effects of AOPs on NOM and control DBP 

formation 

4.1 Effects of UV-LEDs AOPs and Ozone on NOM 

4.1.1 Exploring the Impact of AOPs on Basic NOM Parameters 

This chapter completed the research on applying advanced oxidation to drinking water and 

comparing ozone to UV-LED AOPs. This chapter also compared the treatment effect 

before and after filters and comparing different media types. For its effect on NOM, the 

first step was to observe whether UV-LED treatment directly affected the value of DOC. 

For ozone advanced oxidation and UV-LEDs-related advanced oxidation the changes in 

DOC from each of the three different treatment (i.e., post sedimentation, post 

anthracite/sand filtration and post GAC/sand filtration) are plotted as shown in Figures 4-

1 and 4-2. The changes in DOC for water are shown in Figure 4-1 using the concentration 

of ozone as the x-axis, and the names of the three different locations are labelled at the top 

of the figure. On Figure 4-2, UV-LEDs fluence is used as the x-axis, different colours 

represent the different doses of the oxides, and the type of the oxide class (H2O2/Cl2) is 

marked above the locations. 
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Figure 4-1 DOC Changes through Ozone AOPs 

 

 

Figure 4-2 DOC Changes through UV-LEDs AOPs 
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In Figures 4-1 and 4-2, neither ozone advanced oxidation nor UV-related advanced 

oxidation has a significant effect on the DOC concentration of the different water sources. 

Therefore, advanced oxidation does not affect the DOC value of the water. This in 

agreement with previous studies on the direct reduction of DOC values by AOP is not 

applicable to this experiment, possibly due to the different water sources leading to 

different NOM or that the level of oxidation was not sufficient (Gil et al., 2019; Parsons, 

2004). 

 

In addition to DOC, as mentioned advanced oxidation may not completely degrade NOM 

directly, but it will convert large organic molecules into smaller ones (Tian et al., 2020; 

Toor & Mohseni, 2007). To prove this point, the SUVA value of UV254 was chosen as a 

parameter to be analyzed, and Figures 4-3 and 4-4, similar to the previous DOC, were 

made as shown below. 
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Figure 4-3 SUVA Changes through Ozone AOPs 

 

 

Figure 4-4 SUVA Changes through UV-LEDs AOPs 
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Both ozone and UV-related advanced oxidation directly reduced the SUVA value in the 

water. Combined with the invariance of DOC above, the main reduction in SUVA values 

can be can be linked to a reduction in UV254. This indicates that all three types of advanced 

oxidation accomplished effective partial degradation of organic matter and that organic 

matter was not completely mineralized to CO2 through oxidation. Regardless of the type 

of advanced oxidation used, it was found to result in very similar removal. (Anderson et 

al., 2023). For this reason, the Ant/Sand, the closest to the current water treatment process, 

will be selected as the object of analysis in the subsequent analysis. 
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4.1.2 Exploring the Effect of AOPs on NOM Compositions  

In addition to further understanding the reason how the NOM changes in the water, the 

FRI volume in the water matrix is analyzed in the context of the FEEM with respect to 

each AOPs technique. The main FRI compositions were selected for analysis in this 

chapter are protein1, protein2, fluvic, microbial, and humic representing aromatic protein 

I, aromatic protein II, fulvic acid-like materials, soluble microbial materials, and humic 

acid-like materials.  

 

According to this principle, the impact of traditional AOP ozone technology on FRI 

volume is plotted as shown in Figure 4-5 – Low Ozone denotes the result after treatment 

with an ozone concentration of 1mg/L and High Ozone is denotes the result after treatment 

with 10mg/L ozone. The water selected in this section is representative of Ant/Sand 

filtered water from the pilot plant.  
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Figure 4-5 FRI Volume Changes through Ozone AOPs 

 

According to Figure 4-5, humic acid-like materials in the untreated water have the highest 

volume in the selected fluorescence. The ozone AOP has very little effect on the removal 

of small organic molecules such as aromatic protein I, aromatic protein II, fluvic acid-like 

materials, and soluble microbial materials, but it had a good effect on the reduction of large 

organic molecules such as humic-like materials volume. It has been shown that ozone AOP 

technology has a stronger impact on the degradation of macromolecules (Gil et al., 2019; 

Parsons, 2004). A concentration of 1 mg/L ozone reduced the FRI volume of humus-like 

substances without advanced oxidation from about 7000 to about 5500, while 10mg/L 

ozone controls their FRI volume to about 4000. This may stem from the fact that humic-

like materials have a lower oxidation potential and are more susceptible to oxidation and 
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decomposition by free radicals (Liu et al., 2020; S. MacIsaac, 2021; Matilainen & 

Sillanpää, 2010). 

 

Similarly for UV-LEDs related AOPs the same method was used to make UV/H2O2 and 

UV/Cl2 plots as Figure 4-6 and Figure 4-7 respectively, where Low/High oxidant 

(Peroxide or Chlorine) represents the oxidant concentration of 1mg/L/10mg/L, 

respectively. Low/Mid/High UV represents 100, 500, and 1000 mJ/cm2 UV fluence, 

respectively. It is worth noting that during one of the hydrogen peroxide experiments, there 

was a special situation with the filters in the pilot plant during the water intake, which 

resulted in a high organic concentration, which in turn resulted in a large deviation in the 

data. 

 

 
Figure 4-6 FRI Volume Changes through UV/H2O2 AOPs 



56 

 

 
Figure 4-7 FRI Volume Changes through UV/Cl2 AOPs 

 

In general, the effects of UV-LEDs AOP and conventional ozone advanced oxidation on 

FRI volume are generally consistent, and the main effects are still reflected in humic-liked 

materials. In a sequential view, the effect of UV/H2O2 on FRI volume is less pronounced 

compared to UV/Cl2, but the median value of humic-liked materials still decreases with 

the concentration of hydrogen peroxide as well as with the increase of UV fluence, and 

the result is very similar to the decrease of SUVA value. UV-LEDs/H2O2 in the presence 

of 1000 mJ/cm2 UV fluence as well as 10 mg/L of hydrogen peroxide successfully reduced 

the FRI volume of humus-like material from untreated 7000 to about 5300. 
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As for UV/Cl2 advanced oxidation, it was first found that the amount of humic could be 

found to decrease with increasing UV fluence at the same oxidant dose. For example, at a 

chlorine concentration of 1 mg/L, the FRI of humic species at 100 mJ/cm2 decreased from 

an initial value of about 7,000 to a value of about 3,000 at 500 mJ/cm2. It is noteworthy 

that it seems that high concentrations of chlorine have a great influence on the humic 

experiments, as long as 10 mg/L concentration of chlorine was involved in the reaction, 

the amount of humic appeared to be greatly decreased. It may be that the decrease in humic 

is caused by the reaction of humic with chlorine in water rather than all by free radical 

reactions. This may also be one of the reasons why the SUVA value in the previous section 

was reduced to 0.6 in the case of AOPs with high chlorine concentration. 

 

4.1.3 Exploration of Mechanisms of UV-LEDs AOPs 

Since UV-LEDs AOPs are different from ozone, the reaction consists of both UV and 

oxides, and the main body of the reaction of AOPs is again free radicals. Therefore, to 

investigate the role of advanced oxidation reaction of UV-LEDs, UV-LED/H2O2 is 

selected as a representative in this section, and the detection of free radicals is used to 

discuss what causes the change of NOM in the previous section, and its influencing factors.  

 

To accurately probe the production of hydroxyl radicals (OH·) in the advanced oxidation 

reaction of UV-LEDs as a light source, and to consider both the effect of oxide 

concentration, and the effect of pH on the reaction. The concentration of pCBA was 

measured at 0-1000mJ/cm2 under three different pH conditions with different 
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concentrations of hydrogen peroxide of 0, 1 and 10mg/L. The linear prediction graphs with 

ln(pCBA) as the y-axis and UV fluence as the x-axis are shown in Figure 4-8 below. 

 

 

Figure 4-8 The slope of the linearity in the reaction kinetics studies of UV and UV/H2O2 

based AOP represents the luminous flux corresponding to the first-order reaction 

constants for generating OH· radicals. 

 

From the trend line graph, it can be observed that there is almost no degradation ability of 

pCBA at pH 5.5, 8 when utilizing only UV-LED without hydrogen peroxide. Moreover, it 

can be found that the only degradation trend at pH 10 is due to a large shift in the initial 

concentration of one group of samples, whose ln(pCBA) value exceeds 4, which may be 

attributed to an error in the experimental operation. Overall, the use of UV-LEDs alone 

did not result in the degradation of pCBA. However, the degradation of pCBA was 
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accomplished to a certain extent at either 1 or 10 mg/L H2O2. One possible reason that 

using a 280 nm LED with pCBA to generate free radical generation may not be ideal is 

that there is a small overlap between the absorption of pCBA and the 280 nm output of the 

LEDs. 

 

In the case of UV-LEDs coupled with hydrogen peroxide, a similar linear decrease in 

pCBA values was observed at both 1 mg/L and 10 mg/L, with characteristics consistent 

with previous UV-LEDs AOP studies and indicative of free radical production(S. 

MacIsaac, 2021; Rosenfeldt et al., 2005, 2006). Further, it can be found that comparing its 

slope, i.e., the k value, it is intuitively obvious that the k value of the 10 mg/L group is 

larger than that of the 1 mg/L group, and the results are also in line with previous studies 

and reflect that the concentration of H2O2 plays a positive correlation role in the UV-LEDs 

AOPs (S. MacIsaac, 2021). 

 

To better represent the data, after the data processing of the above table will be plotted as 

Figure 4-9. In addition to the previously mentioned deviation at pH 10, the yield of free 

radicals produced at 0 mg/L H2O2 is relatively small, which is a significant deviation from 

the results produced by conventional UV mercury lamps (Rosenfeldt et al., 2006). In the 

UV/H2O2 reaction, the lower the pH under the same H2O2 concentration, the higher the 

yield of free radicals. The pH pattern is generally consistent with previous research on UV 

mercury lamps (S. MacIsaac, 2021). Also, the production of free radicals increases with 

the amount of hydrogen peroxide at the same pH. In addition, the rate of free radical 

production increases with increasing hydrogen peroxide at the same pH, with the yield of 
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10 mg/L H2O2 being more than three times that of 1 mg/L. The rate of free radical 

production is also higher at pH 5.5 and 8, with the yield of 1 mg/L H2O2 being more than 

three times that of 1 mg/L. In contrast, compared to the UV-only reaction, the yield of 1 

mg/L H2O2 is more than 10 times higher at pH 5.5 as well as 8. Furthermore, the 

comparison found that under the same conditions, the UV-LED-directed H2O2 reaction 

produces only about 20% of the free radicals of mercury lamps(S. MacIsaac, 2021; 

Rosenfeldt et al., 2006). 

 

 

Figure 4-9 Different ROH produced by different AOPs  

 

The experiments in this section demonstrate through the values of free radicals that UV-

LEDs AOPs are oxides reacting with UV to degrade NOM. And it is proved that the 

value of radicals increases with the increase of UV fluence and oxide dose, which is 
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consistent with the trend of SUVA in the previous section. This is a good indication that 

the oxidizing ability of UV-LEDs AOPs is correlated with the number of free radicals 

produced, while UV fluence, oxidant dose, and pH are all influencing factors.   
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4.2 Comparison of UV-LEDs AOPs and Ozone on Drinking Water  

4.2.1 Comparison of AOPs on SUVA 

Since the experimental results for the three water bodies showed similar results in the 

prequel results, Ant/Sand filtered water from the pilot plant was selected for this section 

and for subsequent experiments. To compare the three AOPs technologies more intuitively, 

the highest dose in the ozone advanced oxidation process, i.e., 10 mg/L of ozone-treated 

water, was chosen in this chapter to compare with the highest dose in the two UV-related 

advanced oxidations, i.e., 10 mg/L of H2O2 or Cl2 in combination with 1000 mJ/cm2, as a 

representative. For its processing effect, the SUVA value is a parameter for graphing, as 

shown in Figure 4-10.  

 

 

Figure 4-10 SUVA Comparison for Different AOPs 

 



63 

 

As shown in Figure 4.10, the SUVA value of the original un-advanced oxidized water 

sample was around 1.9 L·mg/m, and was reduced to around 1.4 L·mg/m after ozone 

treatment. For UV-LEDs-related advanced oxidation, it is evident that the reduction of 

SUVA value is better. UV-LEDs/H2O2 reduced the SUVA value to about 1.1 L·mg/m, 

and UV-LEDs/Cl2 reduced the value to about 0.6 L·mg/m. The analysis reveals that UV-

LEDs advanced oxidation results better than ozone alone in reducing SUVA values, with 

UV-LEDs/Cl2 being the best of the technologies. This echoes the results of many previous 

studies (Farzanehsa et al., n.d.; Lamsal et al., 2011; Miralles-Cuevas et al., 2017; 

Rosenfeldt et al., 2006). 

 

4.2.2 Comparison of AOPs through NOM Composition Changes 

To compare the effects of the different techniques on the water matrix, the results at the 

highest oxidation conditions (10mg/L ozone, 1000mJ/cm2 UV + 10mg/L 

Chlorine/Peroxide) of the three AOP techniques were collated. Combining this with the 

data from the untreated water matrix is shown in Figure 6-4. The mapping is done in the 

same way as in the previous section for the separate AOP technique. Untreated water in 

this section, including those that follow, refers to waterbodies taken out of Ant/Sand that 

have not been treated by AOPs. 
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Figure 4-11 FRI Volume Changes for Different Treatment  

 

From this figure, it can be seen more clearly that at high doses of AOP, fulvic acid-like 

materials, soluble microbial materials, and humic acid-like materials can be removed from 

the water, while there is little removal of the two proteins. This also confirms the potential 

of UV AOPs to remove micropollutants as well as fluvic if it is at high intensity in previous 

studies (S. MacIsaac, 2021). The main part that can be removed by AOP is the humic-

liked materials, and then it is found that UV/H2O2 has a lower removal rate for humic-

liked materials compared to UV/Cl2 and Ozone. UV/Cl2 can be found to have the best 

humic removal compared to ozone and UV/H2O2. When the FRI volume of humic-like 

substances in untreated water reached a concentration of approximately 7000, optimal 
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control efficacy was observed. This was achieved through the application of a UV fluence 

of 1000mJ/cm2, accompanied by the introduction of UV-LEDs and Cl2 at a concentration 

of 10mg/L. This treatment regimen resulted in a significant reduction of the FRI volume 

to approximately 800 units. Concurrently, employing UV-LEDs in conjunction with H2O2 

and ozone at the same concentration of 10mg/L under similar conditions yielded varying 

outcomes. Specifically, the FRI volume decreased to 5300 units with UV-LEDs/H2O2 

treatment, and to 4000 units with ozone treatment. 

 

4.2.3 Comparison of AOPs through DBPFP 

Although advanced oxidation has been successful in reducing SUVA in water, it does not 

directly follow that the potential for DBPs in treated water has necessarily been reduced. 

Therefore, in this section, UFC experiments were performed on the water samples before 

and after treatment to explore the production of THMFP. The values of THMFP treated 

by different treatment processes are shown in Figure 4-12. 
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Figure 4-12 THMFP for Different Treatment 

 

From the figure, it can be noticed that after the ozone advanced oxidation reaction, THMFP 

showed a similar decrease compared to the untreated water samples as the decrease in 

SUVA values, making it decrease from around 70µg/L to around 50µg/L. Unexpectedly, 

however, in complete contrast to the SUVA values, UV/H2O2 and UV/Cl2 elevated 

THMFP to about 130µg/L and 90µg/L, respectively. This proves that SUVA is not 

applicable to predict the production of THMs after UV advanced oxidation. This result is 

very similar to previous results using UV MP AOPs to treat organic matter in water. Many 

of these studies found that at 1000 mJ/cm2, even though there was a decrease in the SUVA 
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value of the water body, its DBPFP value did not decrease with the decrease in SUVA (S. 

MacIsaac, 2021; Matilainen & Sillanpää, 2010; Toor & Mohseni, 2007). 

 

4.2.4 Comparison of the Practical Use of UV-LEDs and Ozone 

However, it is incomplete to evaluate the potential of UV-LEDs equipment versus ozone 

in the field of water treatment only in terms of treatment effectiveness. The goal of this 

study is to establish a more resilient treatment system in the face of high NOM drinking 

water bodies that will be more difficult to treat in the future, and therefore the cost, ease 

of installation, and subsequent impact on the environment are all considered in the 

consideration of AOPs technology (Gil et al., 2019; Andreozzi et al., 1999). Therefore, the 

comparison between UV-LEDs and ozone in the field of water treatment will be discussed 

next from the application point of view. 

 

In terms of installation and use, even though ozone is a relatively mature water treatment 

technology, most of the time the entire water treatment system is still redesigned and 

constructed, due to its footprint and the need for liquefied oxygen as a gas reserve, making 

it relatively large space requirements (Rice, 1996; Suty et al., 2004; Tichonovas et al., 

2017). However, although UV-LEDs have not been put into  production since they were 

designed, the flexible design nature of the LEDs makes it possible to complete the design 

by retrofitting them to existing equipment (Beck et al., 2017; Jarvis et al., 2019; Song et 

al., 2016). Moreover, except for the LEDs, there are no other specific facilities or space 

required for the equipment to be completed (W. Yang et al., 2014). Previous experiments 
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have shown that it can be installed in different areas before and after filtration and different 

treatment methods combined to ensure the flexibility of its design. 

 

In the direction of energy saving and cost, the main energy consumption of both ozone and 

LEDs equipment is in electricity, but ozone treatment requires not only a larger equipment 

space as mentioned in the previous paragraph, but also the cost of oxygen reserve (Marda 

et al., 2008; Rice, 1996). Compared with UV MP equipment, because UV-LEDs do not 

need to warm up time, will not reduce the luminous power with the passage of time, and 

less heat and the direction of the reverse in the direction of light, more energy efficient 

(Beck et al., 2017; Hölz et al., 2017; Jarvis et al., 2019; S. A. MacIsaac et al., 2023; Song 

et al., 2016). 

 

From the level of environmental protection, LEDs lamps have a long life, no mercury 

pollution, LEDs light has been studied at specific wavelengths on biological impact is 

small, such as 222nm UV-LEDs (Jarvis et al., 2019; Schaefer et al., 2007; Yamano et al., 

2020). Ozone equipment can not be avoided gas emissions and production is undoubtedly 

for the environment (Matilainen & Sillanpää, 2010; Rice, 1996). Overall, even though UV-

LEDs are relatively immature compared to ozone technology, they have greater potential. 
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4.3 Analysis and Summary 

4.3.1 UV-LEDs AOPs and Ozone on NOM and DBPFP Control  

First, this chapter analyzes the effect of elemental advanced oxidation on NOM in water 

through basic parameters such as DOC, SUVA and FRI volume. The first and most direct 

finding is that the three different advanced oxidation techniques do not significantly reduce 

DOC, which may be due to two reasons. The first is that the advanced oxidation techniques 

do not directly reduce DOC but can only degrade organic matter macromolecules into 

small molecules; the second is that the oxidant dosage as well as the UV fluence of the 

advanced oxidation techniques in this chapter do not reach the value for DOC degradation. 

Because none of the UV fluence in this experiment exceeded 1000 mJ/cm2, it was found 

in a previous study that this level of UV could not fully mineralize NOM (Matilainen & 

Sillanpää, 2010; Toor & Mohseni, 2007). 

 

Therefore, for SUVA values, all three advanced oxidations accomplished significant 

reductions. This demonstrates that advanced oxidation completes the reaction to NOM in 

water and significantly reduces the absorbance of organic matter in water, especially UV254. 

This further proves the reaction mechanism that AOPs mainly degrade large organic 

molecules into small ones under the conditions of this experiment (Matilainen & Sillanpää, 

2010). Moreover, it can be found that the advanced oxidation technology has similar 

treatment results for different water locations, i.e., it has a very good universality. It can 

be applied to all aspects of water treatment. 
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A comparison of representative experimental groups showed that the UV-related advanced 

oxidation technology was more effective in reducing SUVA than ozone advanced 

oxidation. This also demonstrates that UV-LED related AOP has the potential to replace 

traditional advanced oxidation technologies such as ozone advanced oxidation. 

Furthermore, the UV-LEDs related AOP technology is close to or even better than the 

conventional ozone process in terms of SUVA reduction for drinking water. For UV-LED-

related AOPs, the UV/Cl2 technology clearly demonstrated better results, almost reducing 

the SUVA value to about 0.6 at high doses of oxidizer with high doses of UV fluence.  

 

Summarily results occurred for FRI volume changes after three AOPs. After three AOP 

treatments, both ozone, UV/H2O2, and UV/Cl2 showed a reduction in FRI volume, 

especially for humic-liked materials. And such reductions are enhanced as the strength of 

the AOP increases. It is noteworthy that advanced oxidizing conditions with high 

concentrations of chlorine reduced humic-liked materials in water to very low values 

regardless of the intensity of UV. It is possible that the high concentration of chlorine 

reacts with humic extremely easily and this may also be the reason why DBPs are 

generated.  

 

By comparing the results of the three high-intensity AOP, it was found that UV advanced 

oxidation at high intensity had a good effect on micro-pollutants and fluvic-type organics 

but had a poor effect on proteins. The treatment effect for humic is UV/Cl2 > Ozone > 

UV/H2O2. However, the effect of chlorine is not necessarily all from the advanced 

oxidation as shown in the previous section. Such processed data is still a very preliminary 
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representation of the effect of AOP on the water matrix but is not comprehensive enough, 

more data and experiments need to be completed. 

 

Moreover, in the comparison of UV-related AOP experiments, it was found that UV/Cl2 

had a better treatment effect compared to UV/H2O2, in order to analyze the reason for this, 

the spectrograms of the UV-LED used in this chapter from 190 nm to 400 nm were 

extracted and plotted together with the absorbance of 10 mg/L H2O2/Cl2 in the same 

wavelength interval as shown in Figures 4-13 

 

Figure 4-13 Spectrum for UV-LED combined the absorbance of Cl2 and H2O2 

 

It can be noticed that the peak wavelength of absorbance of the H2O2 solution should be 

below 190 nm, while it has almost no absorbance at the peak wavelength of 280 nm of the 

UV-LED. On the contrary, although the peak value of the Cl2 solution should also be lower 

than 190nm, it has an obvious lower peak absorbance at about 280nm. Such a discrepancy 

may explain why the SUVA reduction of UV/Cl2 is significantly better than that of 
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UV/H2O2. This also demonstrates that wavelength dependence influences UV-related 

advanced oxidation and deserves to be investigated in the future. 

 

While both SUVA and FRI volume represented the amount of organic matter in the water 

as well as its composition in a reasonable manner; however, their comparability to DBPFP 

was not reliable. Compared to the original water samples, the ozonated water produced a 

similar decrease in THMFP as the SUVA values. Surprisingly, after the UV-LEDs AOP 

reaction, the THMFP values did not decrease, but rather increased. In particular, UV/H2O2 

even exceeded 100µg/L, which showed similar results to previous studies using UV MP 

advanced oxidation (S. MacIsaac, 2021; Matilainen & Sillanpää, 2010; Toor & Mohseni, 

2007). Below 1000 mJ/cm2 , when the values of oxides were not high, THMFP in all these 

studies showed an increasing trend(S. MacIsaac, 2021; Toor & Mohseni, 2007). The rise 

in THMFP due to UV/Cl2 may be due to excess chlorine and the ratio of chlorine to UV 

fluence.  

4.3.2 Mechanism of UV-LEDs AOPs and Differences from UV MP 

The results indicate that of the hydroxyl radicals in the advanced oxidation reaction 

occurring in the experiment with UV-LEDs/H2O2 come from the combined action of UV 

and H2O2, and the degradation of pCBA cannot be accomplished using 280nm UV-LEDs 

alone. This is a different conclusion from the previous results using UV medium pressure 

mercury lamp (UV MP), to explore the reason, respectively, 280nm UV-LED and UV MP 

spectral detection spectra in the interval of 200nm to 400nm, combined with the same 

wavelength interval for the absorbance of 50μmol/L pCBA to complete the plotting. To 
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visualize the pictures, the absorbance was multiplied by 10 orders of magnitude to make 

the pictures more contrasting.  

 

As shown in Figure 4-14, UV MP has a more comprehensive spectral wavelength range, 

while UV-LED is more concentrated in the 280 nm range. It happens that the main 

absorbance interval of pCBA is concentrated around 230 nm, where UV MP retains some 

intensity, while on the contrary UV-LEDs have almost no intensity in this radiation band, 

which could explain the difference in the results. It can also be conjectured that 230 nm 

wavelength UV light alone should be optimal for the degradation of pCBA. In recent years, 

the application of 222 nm UV Kr-Cl lamps in the field of disinfection has had a very good 

progress, and this experiment suggests the use of 222 nm UV instrumentation for pCBA 

to conduct experimental studies to verify the conjecture of this experiment (Rosenfeldt et 

al., 2005; Yamano et al., 2020). 
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Figure 4-14 Spectrum of UV-LED / UV MP combined absorbance of 50μmol/L pCBA 

 

The experiments prove that advanced oxidation by UV-LEDs is mainly drive by radicals. 

This work also demonstrates some of the differences as to why the oxidative effect of 

conventional UV MP is different for UV-LEDs. This difference is reflected in the 

difference of the method of calculating the dose of UV fluence used in the study mentioned 

before (S. MacIsaac, 2021). The method used in this paper utilizes a UV sensor in 

combination with several factors to calculate UV fluence, considering the UV-T of a 

solution at a specific wavelength, whereas the method used in the previous paper is not as 

well developed and does not utilize the same sensor, and more experiments would need to 

be completed before accurate conclusions could be drawn. 
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Overall, the most representative UV/ H2O2 was selected in this chapter for UV-LEDs AOP 

mechanism studies through the pCBA approach. Firstly, it was found that the degradation 

of pCBA could hardly be accomplished using only 280 nm UV-LEDs, which may be since 

the absorption bands of 280 nm UV and pCBA do not overlap. At the same pH and UV 

fluence, 10 mg/L H2O2 produced more radicals than 1 mg/L H2O2, which indicated that 

the concentration of H2O2 had a positive effect on the reaction. Meanwhile, this experiment 

found that lower pH under the same condition can produce more free radicals, which may 

be related to the morphology of hydrogen peroxide in water. This gives a good suggestion 

for the practical use of UV-LEDs AOPs, which have better results at relatively low pH if 

high doses of H2O2 are used as an oxide. 
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Chapter 5: Conclusions and Recommendations 

5.1 Conclusions 

The objectives of this thesis were to 1) explore the effects of novel UV-LEDs AOPs as 

well as conventional ozone reactions on NOM in drinking water, 2) investigation of 

changes in the composition of water after AOPs and its association with DBPFP, and 3) 

compare three advanced oxidation technologies, including ozone, UV-LEDs/H2O2 and 

UV-LEDs/Cl2, for the treatment of water from three different locations in the drinking 

water treatment process. The specific conclusions for each of the three objectives are 

summarized below.  

5.1.1 Effect of AOPs on NOM in Pilot Treated Water 

With regards to the impact on NOM, this work demonstrated that neither of the UV-LED 

AOPs (e.g., UV-LED/Cl2 or UV-LED/H2O2) nor the ozone caused direct changes in the 

concentration of DOC under the treatment conditions explored in this study (e.g. 

1000mJ/cm2 and 10 mg/L oxidant). The reason for this is that the oxidation at 1000 mJ/c

m2 and 10 mg/L oxidant, as well as ozonation at a dose of 10 mg/L did not completely 

mineralize NOM. Instead, these treatments partially-transformed or degraded NOM, 

resulting the conversion of NOM macromolecules into smaller molecules, similar to that 

observed in previous studies (S. MacIsaac, 2021; Matilainen & Sillanpää, 2010; Sgroi et 

al., 2021; Toor & Mohseni, 2007). A higher oxidant dosage and UV fluence would be 

required for complete oxidation/mineralization, but this would also increase the operating 

cost of the process for practical use. 
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In addition, the change in the SUVA supportive of the trend of NOM degradation through 

ozone and UV-LEDs AOPs. For the ozone reaction, the SUVA values show a gradual 

decrease from the original (e.g., pilot treated) values as the ozone concentration increases. 

This is in agreement with previous similar experiments (S. MacIsaac, 2021). The SUVA 

value of Ant/Sand water source in the 10 mg/L ozone reaction condition decreased from 

1.9 L·mg/m to about 1.5 L·mg/m. A similar trend was observed for the UV-LEDs AOPs 

related reactions, where the degree of decrease was related to both UV fluence and the 

dose of oxidant (e.g., Cl2 or H2O2). As the oxidant dose increases with UV fluence, the 

value of the change in SUVA increases. 

 

The reason for the superior performance of UV-LEDs/Cl2 compared to UV-LEDs/H2O2 in 

this study may be that chlorine has a much higher absorption around 280 nm UV light 

compared to hydrogen peroxide. Therefore, under the same conditions, chlorine absorbs 

the UV light emitted by 280 nm UV-LEDs more readily to produce free radicals to oxidize 

NOM, which demonstrates the close relationship between the absorbance of the oxide and 

the selected UV wavelength. Also shown is another important factor that determines the 

effectiveness of UV-related AOPs, the effect of the wavelength of the UV. As for this 

experiment, the results of the experiment are biased for chlorine due to the 280 nm UV-

LEDs used in the experiment. It cannot be said that the conclusion is applicable for all 

wavelengths of UV-LEDs. Another reason why chlorine-related reactions work better 

compared to hydrogen peroxide reactions is that the reaction is aided by not only hydroxyl 
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radicals but also chlorine-related radicals (Liu et al., 2020; Sun et al., 2016). This may 

have led to the difference in the effectiveness of the reaction. 

 

The relationship between UV fluence, oxidant and advanced oxidation efficacy was also 

explored in this research by measuring the pCBA concentration before and after treatment. 

The use of pCBA also allowed the exploration of mechanisms and influencing factors of 

the UV-LED/H2O2 AOPs reactions. The mechanism of 280nm UV-LEDs AOPs primarily 

involves the generation of hydroxyl radicals through the synergistic effect of UV light and 

oxidants, a process not achievable by 280nm UV-LEDs or oxidants alone. This sheds light 

on the unique pathways of degradation enabled by UV-LEDs AOPs compared to 

conventional methods like ozone. The generation of free radicals increases with the co-

increase of UV fluence and oxidant, which explains why the decrease in SUVA values 

appears to be positively related to the dose of both. 

5.1.2 Impacts of NOM Composition and DBPFP after AOPs 

Using florescence measurements, it was identified that the main NOM constituents in the 

experimental waters were humic-like in nature. Furthermore, all three AOPs treatments—

ozone, UV/H2O2, and UV/Cl2 showed some reduction in FRI volume, especially for 

humic-like substances. When the FRI volume of humic-like substances in untreated water 

was about 7000, highest intensity UV-LEDs/Cl2 AOPs (UV fluence of 1000mJ/cm2 and 

chlorine of 10mg/L) achieved the best control effect and reduced the FRI volume to about 

800. At the same time, UV-LEDs/H2O2 under the same conditions (1000mJ/cm2 UV + 

10mg/L H2O2) and 10mg/L ozone reduced the FRI volume to 5300 and 4000, respectively. 
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This reduction was enhanced with increasing AOPs intensity, which was paralleled by the 

reduction trend of SUVA. This may be related to the greater absorbance of humic 

substances at around 254 nm. It is noteworthy that advanced oxidizing conditions with 

high chlorine concentrations can reduce humic-like substances in water to very low values 

independent of UV intensity. Further, the three AOPs were found to be effective for the 

degradation of micropollutants and humic substances, but less effective for proteins. For 

humic substances the treatment effect was in the order of UV-LEDs/Cl2 > ozone > UV-

LEDs/H2O2. In the UVLED/Cl2 advanced oxidation, increasing fluence with constant 

oxidant doses led to decreased in humic concentration. For instance, when the chlorine 

concentration was 1 mg/L, the FRI of humic species at 100 mJ/cm² decreases from an 

initial value of approximately 7,000 to around 3,000 at 500 mJ/cm². Notably, even low 

UV as low as 100 mJ/cm2 with 10mg/L chlorine significantly reduced humic content, 

suggesting a reaction between chlorine and humic compounds in water.  

 

Through advanced oxidation reaction with ozone, the reduction trends in THMFP values 

were similar to the reduction in SUVA values as well as humic FRI values, corresponding 

to concentrations from about 70 µg/L to about 50 µg/L when compared to water samples 

treated with no ozone. In contrast to it, the THMFP values of the water samples treated 

with the highest intensity UV-LEDs AOPs in this study showed an increasing trend in 

THMFP. The UV-LEDs/H2O2 and UV/Cl2 treatments resulted in THMFP levels of 

approximately 130µg/L and 90µg/L, respectively. This indicates that FRI values and 

SUVA values were not reliable predictors of THMFP production post UV-LEDs advanced 

oxidation. Similar findings were observed in previous studies utilizing medium pressure 
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mercury based UV AOPs (S. MacIsaac, 2021; Toor & Mohseni, 2007). In conjunction with 

previous studies, the hypothesis of this study is that for UV fluence under 1000 mJ/cm2, 

both UV-LEDs AOPs and ozone AOPs produce low molecular weight compounds, that 

vary in size, with ozone AOPs forming the smallest compounds. This difference in 

oxidation byproducts suggests that the portion of NOM that initially reacts with ozone in 

the aqueous matrix is more oxidized compared to UV-LEDs AOPs. The partial oxidation 

of NOM provides additional reactive material for DBP formation, although additional data 

are needed to confirm these relationships (S. MacIsaac, 2021; Matilainen & Sillanpää, 

2010; Tian et al., 2020). 

 

Not only that, for the ozone experiments, the test experiments for DBPFP were done once 

in a flow-through system, while the advanced oxidation associated with UV-LEDs was 

experimented in a 130 ml petri dish, which required multiple reaction experiments to be 

completed due to the amount of water samples. The intervals between their experiments 

could not be avoided, and excess oxides may influence DBPFP. This will make the 

comparison of the experimental results somewhat biased. It cannot fully represent the 

performance of the two technologies in practical applications. 

5.1.3 Comparison of Three Advanced Oxidation Technologies. 

This study showed that the effect of AOPs treatment was comparable in terms of SUVA 

and DOC for samples collected both before and after filtration. This demonstrates the 

flexibility of AOPs in drinking water treatment systems and specifically in terms of the 

location of UV AOPs in the treatment train.  
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This work also showed UV-LEDs AOPs demonstrated a greater treatment capability 

compared to ozone for the removal of SUVA with humic substances and other NOM 

components. In a comparison of the highest doses of the three advanced oxidation 

technologies. The UV-LEDs advanced oxidation method provided a better reduction in 

SUVA values, with UV-LEDs/Cl2 reducing SUVA to a greater extent than UV-

LEDs/H2O2. The improved result of chlorine reaction compared to hydrogen peroxide 

reaction may be since the wavelength of the UV-LEDs used is 280 nm, which is a 

wavelength that for chlorine is more likely to stimulate the free radicals to complete the 

advanced oxidation due to its absorbance. In the case of THMFP, ozone outperformed 

UV-LEDs, but the dose range of UV and oxidants and the impact on THMFP, and the ratio 

of UV to oxidant in this work were limited. Additional experiments are needed to 

understand whether there is an optimum UV to oxidant ratio that minimizes THMFP. And 

technical limitations prevented UV-LEDs-related reactions from being accomplished in 

the same way as ozone reactions, and UV experiments under flow-through conditions were 

needed to solidify the conclusions of this experiment regarding DBPFP. 

 

The comparison of UV-LEDs equipment with ozone technology in the field of water 

treatment is not entirely limited to treatment effectiveness – a more resilient treatment 

system to cope with future drinking water challenges notably source waters with high 

organic matter content that are more difficult to treat. Therefore, cost, ease of installation 

and environmental impact should all be considered when considering AOPs technology. 

Although UV-LEDs technology is not yet mature compared to ozone technology, it has 
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greater potential and is particularly advantageous in terms of energy consumption, cost 

and environmental friendliness (Farzanehsa et al., 2023; Toor & Mohseni, 2007).  
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5.2 Recommendation 

Based on the results of this study, some recommendations will be provided for further 

research in this section.  

 

The GAC-related experiments during this work were completed during the time period 

when the GAC was exhausted in the pilot plant, and subsequent experiments could be 

considered to be completed using new GAC media (Anderson et al., 2023). Experiments 

with UV-LED AOPs in combination with GAC at the same time showed good potential in 

some studies, far exceeding the effects of AOPs-only or GAC-only treatments (Toor & 

Mohseni, 2007). However, whether UV-LEDs AOPs can delay the exhaustion of GAC is 

worth exploring and deserves more research in the future. 

 

More combinations of UVLED fluence to oxidant ratios should be tested to validate many 

of the conclusions in this paper and other experiments, particularly regarding the impact 

on DBPFP. The results of some studies indicated that higher intensity UV-related AOPs 

could reduce THMFP, and conducting similar experiments with UV-LEDs may be able to 

refine the experimental results of this study (Matilainen & Sillanpää, 2010; Parsons, 2004). 

Testing of DBPs was completed under only one condition per advanced oxidation due to 

experimental time constraints. More conditions can be considered to give more references 

for practical applications. 

 

In order to better explore the principles and optimal operating conditions of different AOPs, 

measurements on free radicals associated with ozone and UV-LED/Cl2 reactions should 
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be performed in the future. The determination of the chlorine reaction with the 

simultaneous action of multiple free radicals is of particular importance (Tian et al., 2020; 

Yin, Zhong, et al., 2018). Due to the improved control of the wavelength through UV-

LEDs and the fact that the wavelengths were found to produce different advanced 

oxidizing effects for different oxides in this study, it is possible to further explore which 

are the most suitable wavelengths for the reaction of AOPs for different oxides, 

respectively. 

 

The limitations of bench-scale research are still significant, and UV-LED AOPs will be 

more valuable as the technology advances to complete pilot-scale research and full-scale 

research to put UV-LEDs AOPs works into practical use. 
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APPENDIX A: R Code for Plots 

# Q$#"  linear graph script  

  

library(tidyverse) 
library(reshape2) 
library(ggthemes) 
library(ggsci) 
library(RColorBrewer) 
library(dplyr) 
setwd("F:/pCBA") 
pCBA <- readxl::read_excel("pCBA JAY.xlsx", col_names = TRUE, skip = 0) 
# plot: 
pCBA$concentration <- as.numeric(pCBA$Concentration) 
pCBA$pCBA1 <- as.numeric(pCBA$pCBA) 
pCBA$pH <- as.factor(pCBA$pH) 
pCBA$H2O2 <- as.factor(pCBA$H2O2) 
# make ln column for finding k-values 
data <- pCBA %>%  
ggplot(aes(UV, concentration, fill = pH)) +  
  facet_grid(H2O2 ~ pH) +  
  geom_point(size=2, shape=23) +  
  geom_smooth(method = "lm", se = FALSE, col = "black", linewidth = 0.5) + 
  theme_bw()+ 
  ylab("Measured pCBA Concentration (µM)")+ 
  xlab("UV Fluence "~(mJ~cm^2))+ 
  scale_x_continuous(breaks=c(1000,500,100, 0))+ 
  theme(legend.position="none") 
# extract linear model coefficients: 
ggsave("pCBA.png", width=12, height=8, unit="in", dpi=1000) 
 
pCBA$concentration <- as.numeric(pCBA$Concentration) 
pCBA$pCBA <- as.numeric(pCBA$pCBA) 
pCBA$pH <- as.factor(pCBA$pH) 
pCBA$H2O2 <- as.factor(pCBA$H2O2) 
# make ln column for finding k-values 
data <- pCBA %>%  
  ggplot(aes(UV, pCBA, fill = pH)) +  
  facet_grid(H2O2 ~ pH) +  
  geom_point(size=2, shape=23) +  
  geom_smooth(method = "lm", se = FALSE, col = "black", linewidth = 0.5) + 
  theme_bw()+ 
  ylab("ln(pCBA)")+ 
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  xlab("UV Fluence "~(mJ~cm^2))+ 
  scale_x_continuous(breaks=c(1000,500,100, 0))+ 
  theme(legend.position="none") 
# extract linear model coefficients: 

ggsave("lnpCBA.png", width=12, height=8, unit="in", dpi=1000) 

  
# AOPs SUVA script  

 library(ggplot2) 

library(dplyr) 

library(lubridate) 

library(tidyverse) 

library(ggpubr) 

library(tidyr) 

library(mgcv) 

library(ggsci) 

library(patchwork) 

setwd("H:/AOP/SUVA") 
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AOPs <- read.csv("AOPs_J.csv") 

AOPs$SUVA <- as.numeric(AOPs$SUVA) 

AOPs$Location_Label <- as.factor(AOPs$Location_Label) 

AOPs$UV_Dose <- as.factor(AOPs$UV_Dose) 

AOPs$Oxidant_Dose <- as.factor(AOPs$Oxidant_Dose) 

AOPs$Oxidant_Type <- as.factor(AOPs$Oxidant_Type) 

AOPs$Treatment_Type <- as.factor(AOPs$Treatment_Type) 

 

#x axis is UV dose 

UV <- AOPs %>% filter(Location_Label %in% c("Sedimentation", "Ant/Sand", 
"GAC/Sand"), Oxidant_Type %in% c("H2O2", "Cl2")) %>%  mutate(Oxidant_Type = 
factor(Oxidant_Type, levels = c("H2O2", "Cl2"))) %>% mutate(Location_Label = 
factor(Location_Label, levels = c("Sedimentation", "Ant/Sand", "GAC/Sand"))) %>% 

  ggplot(aes(x=as.factor(UV_Dose), y=SUVA, fill=Oxidant_Dose)) + 

  geom_boxplot()+ 

  #geom_bar(stat="identity", position="dodge") + 

  labs(fill="Oxidant Dose (mg/L)", color="Oxidant Dose (mg/L)")+ 

  theme_classic()+ 

  theme(axis.text.x = element_text(angle=45,hjust=1, face="bold"), axis.text.y = 
element_text(face="bold"), axis.title = element_text(face="bold", size=20), 
legend.position = "top", text = element_text(size = 20)) + 

  scale_y_continuous(limits=c(0,3), 

                    breaks=seq(0,3, 0.5))+ 

  facet_wrap(Oxidant_Type~Location_Label, ncol=3)+ 

  #geom_hline(aes(yintercept = SUVA_Untreated), linetype="dashed", color = 
"black") + 

  xlab("UV Dose (mJ/cm2)")+ 

  ylab("SUVA (L-mg/m)") 

ggsave("UVAOPs.png", width=12, height=8, unit="in", dpi=1000) 

 

 

#x axis sample location 
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UV2 <- AOPs %>% filter(Location_Label %in% c("Sedimentation", "Ant/Sand", 
"GAC/Sand"), Oxidant_Type %in% c("H2O2", "Cl2"), Oxidant_Dose !="0") %>%  
mutate(Oxidant_Type = factor(Oxidant_Type, levels = c("H2O2", "Cl2"))) %>% 
mutate(Location_Label = factor(Location_Label, levels = c("Sedimentation", 
"Ant/Sand", "GAC/Sand"))) %>% 

  ggplot(aes(x=as.factor(Location_Label), y=SUVA, fill=Oxidant_Dose)) + 

  geom_boxplot()+ 

  #geom_bar(stat="identity", position="dodge") + 

  labs(fill="Oxidant Dose (mg/L)", color="Oxidant Dose (mg/L)")+ 

  theme_classic()+ 

  theme(axis.text.x = element_text(angle=45,hjust=1, face="bold"), axis.text.y = 
element_text(face="bold"), axis.title = element_text(face="bold", size=20), 
legend.position = "top", text = element_text(size = 20)) + 

  scale_y_continuous(limits=c(0,3), 

                     breaks=seq(0,3, 0.5))+ 

  facet_wrap(Oxidant_Type~UV_Dose, ncol=4)+ 

  #geom_hline(aes(yintercept = SUVA_Untreated), linetype="dashed", color = 
"black") + 

  xlab("Sample Location")+ 

  ylab("SUVA (L-mg/m)") 

ggsave("UVAOPs2.png", width=12, height=8, unit="in", dpi=1000) 

 

 

 

Ozone <- AOPs %>% filter(Location_Label %in% c("Sedimentation", "Ant/Sand", 
"GAC/Sand"), Oxidant_Type =="Ozone") %>% mutate(Location_Label = 
factor(Location_Label, levels = c("Sedimentation", "Ant/Sand", "GAC/Sand"))) %>% 

  ggplot(aes(x=as.factor(Oxidant_Dose), y=SUVA, fill=Oxidant_Dose)) + 

  geom_boxplot()+ 

  #geom_bar(stat="identity", position="dodge") + 

  labs(fill="Oxidant Dose (mg/L)", color="Oxidant Dose (mg/L)")+ 

  theme_classic()+ 

  theme(axis.text.x = element_text(angle=45,hjust=1, face="bold"), axis.text.y = 
element_text(face="bold"), axis.title = element_text(face="bold", size=20), 
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legend.position = "", text = element_text(size = 20)) + 

  scale_y_continuous(limits=c(0,3), 

                     breaks=seq(0,3, 0.5))+ 

  facet_wrap(~Location_Label, ncol=3)+ 

  xlab("Ozone Dose (mg/L)")+ 

  ylab("SUVA (L-mg/m)") 

ggsave("ozone.png", width=12, height=8, unit="in", dpi=1000) 

 

Ozone2 <- AOPs %>% filter(Location_Label %in% c("Sedimentation", 
"Ant/Sand", "GAC/Sand"), Oxidant_Type =="Ozone") %>% mutate(Location_Label = 
factor(Location_Label, levels = c("Sedimentation", "Ant/Sand", "GAC/Sand"))) %>% 

  ggplot(aes(x=as.factor(Location_Label), y=SUVA, fill=Location_Label)) + 

  geom_boxplot()+ 

  #geom_bar(stat="identity", position="dodge") + 

  labs(fill="Oxidant Dose (mg/L)", color="Oxidant Dose (mg/L)")+ 

  theme_classic()+ 

  theme(axis.text.x = element_text(angle=45,hjust=1, face="bold"), axis.text.y = 
element_text(face="bold"), axis.title = element_text(face="bold", size=20), 
legend.position = "", text = element_text(size = 20)) + 

  scale_y_continuous(limits=c(0,3), 

                     breaks=seq(0,3, 0.5))+ 

  facet_wrap(~Oxidant_Dose, ncol=3)+ 

  xlab("Sample Location")+ 

  ylab("SUVA (L-mg/m)") 

ggsave("ozone2.png", width=12, height=8, unit="in", dpi=1000) 
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# AOPs DOC script  

 
library(lubridate) 
library(tidyverse) 
library(ggpubr) 
library(tidyr) 
library(mgcv) 
library(ggsci) 
library(patchwork) 
library(readxl) 
library(ggplot2) 
setwd("H:/AOP/SUVA") 
 
AOP <- read.csv("UV254.csv") 
AOP$DOC <- as.numeric(AOP$DOC) 
AOP$Location_Label <- as.factor(AOP$Location_Label) 
AOP$UV_Dose <- as.factor(AOP$UV_Dose) 
AOP$Oxidant_Dose <- as.factor(AOP$Oxidant_Dose) 
AOP$Oxidant_Type <- as.factor(AOP$Oxidant_Type) 
AOP$Treatment_Type <- as.factor(AOP$Treatment_Type) 

 
#x axis is UV dose 
UV <- AOP %>% filter(Location_Label %in% c("Sedimentation", 

"Ant/Sand", "GAC/Sand"), Oxidant_Type %in% c("H2O2", "Cl2")) %>%  
mutate(Oxidant_Type = factor(Oxidant_Type, levels = c("H2O2", 
"Cl2"))) %>% mutate(Location_Label = factor(Location_Label, levels = 
c("Sedimentation", "Ant/Sand", "GAC/Sand"))) %>% 

  ggplot(aes(x=as.factor(UV_Dose), y=DOC, fill=Oxidant_Dose)) + 
  geom_boxplot()+ 
  #geom_bar(stat="identity", position="dodge") + 
  labs(fill="Oxidant Dose (mg/L)", color="Oxidant Dose (mg/L)")+ 
  theme_classic()+ 
  theme(axis.text.x = element_text(angle=45,hjust=1, face="bold"), 

axis.text.y = element_text(face="bold"), axis.title = 
element_text(face="bold", size=20), legend.position = "top", text = 
element_text(size = 20)) + 

  scale_y_continuous(limits=c(1.2,2.5), 
                     breaks=seq(1.2,2.5, 0.2))+ 
  facet_wrap(Oxidant_Type~Location_Label, ncol=3)+ 
  #geom_hline(aes(yintercept = SUVA_Untreated), 

linetype="dashed", color = "black") + 
  xlab("UV Dose (mJ/cm2)")+ 
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  ylab("DOC(mg/L)") 
ggsave("UVaopDOC.png", width=12, height=8, unit="in", dpi=1000) 
 
Ozone <- AOP %>% filter(Location_Label %in% c("Sedimentation", 

"Ant/Sand", "GAC/Sand"), Oxidant_Type =="Ozone") %>% 
mutate(Location_Label = factor(Location_Label, levels = 
c("Sedimentation", "Ant/Sand", "GAC/Sand"))) %>% 

  ggplot(aes(x=as.factor(Oxidant_Dose), y=DOC, 
fill=Oxidant_Dose)) + 

  geom_boxplot()+ 
  #geom_bar(stat="identity", position="dodge") + 
  labs(fill="Oxidant Dose (mg/L)", color="Oxidant Dose (mg/L)")+ 
  theme_classic()+ 
  theme(axis.text.x = element_text(angle=45,hjust=1, face="bold"), 

axis.text.y = element_text(face="bold"), axis.title = 
element_text(face="bold", size=20), legend.position = "", text = 
element_text(size = 20)) + 

  scale_y_continuous(limits=c(1.2,2.5), 
                     breaks=seq(1.2,2.5, 0.2))+ 
  facet_wrap(~Location_Label, ncol=3)+ 
  xlab("Ozone Dose (mg/L)")+ 
  ylab("DOC(mg/L)") 
ggsave("ozonedoc.png", width=12, height=8, unit="in", dpi=1000) 

 

# THMFP script  

library(tidyverse) 
library(readxl) 
library(ggplot2) 
 
setwd("H:/AOP/DBPs/THM") 
dbp <- read_excel("THM JAY.xlsx", sheet='Sheet1') 
dbp$Value <- as.numeric(dbp$THM) 
dbp$Treament <- as.factor(dbp$Treatment_Type) 
 
dr %>% mutate(Treatment_Type=factor(Treatment_Type, 

levels=c("Untreat water", "Ozone", "UV/H2O2", "UV/Cl"))) %>% 
  ggplot(aes(x=Treatment_Type,  
             y=THM,)) +  
  geom_boxplot()+  
  theme(axis.text.x = element_text(angle=45,hjust=1, face="bold"),  
        axis.text.y = element_text(face="bold"),  
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        axis.title = element_text(face="bold", size=20),  
        text = element_text(size = 20)) +  
  scale_y_continuous(limits=c(0,140), breaks=seq(0,140, 20))+  
  xlab("Treatment")+  
  ylab("THMFP(ug/L)")  
ggsave("THM.png", width=12, height=8, unit="in", dpi=1000) 
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APPENDIX B: Table of Radicals Generation 

Calculated k-values and ROH for each reaction 

H2O2(mg/L) pH kd / kobs (L mJ-1) ROH (10-14M s L mJ-1) 

0 

5.5 2.36E-06 4.73E-02 

8 6.05E-06 1.21E-01 

10 5.86E-05 1.17E+00 

1 

5.5 8.90E-05 1.73E+00 

8 7.62E-05 1.40E+00 

10 6.37E-05 1.01E-01 

10 

5.5 2.42E-04 4.79E+00 

8 2.38E-04 4.64E+00 

10 1.98E-04 2.79E+00 
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