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ABSTRACT OF THE DISSERTATION 

Chloramines in Water Reuse Scenarios: Impacts on Treatment and New Processes  

 

by 

 
Samuel Douglas Patton 

 

Doctor of Philosophy, Graduate Program in Environmental Toxicology  
University of California, Riverside, December 2020 

Dr. Haizhou Liu, Chairperson 

 

The growth of industry, agriculture and human populations puts additional strain on the 

supply of safe drinking water around the world. Climate change induced droughts and 

human activity contaminate existing water sources and worsen the supply. Increasingly, 

outlooks on water stress indicate that millions more people will be living in areas of 

intense water stress. In response to these pressures, direct and indirect potable reuse has 

come to the forefront. But potable reuse requires advanced water treatment systems 

(AWTS) in the form of membrane filtration and UV-based advanced oxidation processes 

(UV/AOPs). With AWTS, chloramines are introduced to reduce biofouling in membrane 

systems but also co-exist in the UV/AOP steps of treatment.  

The goal of this dissertation is to study the chemistry of chloramines and their impacts 

treatment efficiency. First, the photochemistry of monochloramine (NH2Cl) was studied. 

It was observed that its photolysis formed HO• and chlorine atom (Cl•) which could break  
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down recalcitrant organic contaminants such as 1,4-dioxane (1,4-D). It was also found 

that upwards of 75% of 1,4-D removal was due to HO• in a UV/NH2Cl system. Further, it 

was determined that NH2
• was ineffective at treating 1,4-D. Second, the impacts of 

oxidant mixing between chloramines and hydrogen peroxide (H2O2) was studied. It was 

determined that NH2Cl and dichloramine (NHCl2) both had similar mechanisms of 

action, forming Cl• and HO•. It was observed that NH2Cl was more efficient for 1,4-D 

removal. When mixed with H2O2, NH2Cl had negative impacts on 1,4-D removal by 

preventing H2O2 from absorbing photons and scavenging the radicals generated by H2O2. 

These results were replicated on the pilot and bench scale. Third, the mechanisms by 

which chloramines form, the breakpoint process could be exploited for organic 

contaminant removal. This process was shown to produce HO• and it was demonstrated 

that peroxynitrous acid was responsible. Lastly, the breakpoint process and chloramine 

photochemistry were combined in a new process which treated up to 30% of 1,4-D in 

100 mJ/cm2 and over 50% at 1000 mJ/cm2. The outcomes of these projects allow 

engineers to design better AWTS and discovering a novel AOP for future applications. 
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Water Scarcity in a Changing World 

Growing populations necessitate greater agricultural activity and typically expanded 

industrial activity. Alongside growing demands on potable water supplies, there is ever 

worsening climate change.1 Droughts induced by climate change currently plague the 

southern United States, much of the Middle East and Southern Africa.2-4 In response to 

water shortages, behavioral and policy changes are frequently made. These take the form 

of water use reductions, the enhancement of water treatment capacities and the 

undertaking of larger remediation projects to eventually restore polluted aquifers and 

other water sources to a usable state.5 As communities plan for future growth and 

reductions in water availability, new projects are undertaken and technologies are 

investigated to help expand the water supply with new sources and protect existing water 

supplies. These projects are often based around improvements in treatment efficiency but 

increasingly, various forms of water reuse have become more common and are exiting 

planning phases into production phase. 

Water Reuse as a Solution 

Since the beginning of modern water treatment, many municipalities have been 

depending on defacto water reuse in various ways. This has typically been due to the use 

of rivers as source water. An upstream water user consumes enough of the river to reduce 

overall flow and outputs enough treated wastewater that the downstream users are now 

using between 5 to 10% of treated wastewater from the upstream users as source water 

with all the issues this presents. Treated wastewater still contains significant counts of 
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pathogenic microbes, µg/L concentrations of personal care products and pesticide related 

compounds, disinfection byproducts, toxic metals, and other potentially toxic 

constituents.6-8 This poses a problem to downstream users, meaning that advanced 

treatment to remove these offending compounds becomes a growing requirement as 

upstream water use increases and the quality of existing source water decreases. The 

other problems with defacto water reuse are that it is relatively unregulated, upstream 

water users may have discharge limits, but these are often issued in disjointed manners 

and by disconnected authorities which only recently began working together.  

With advancements in water treatment technologies, it becomes possible to remove 

potentially toxic contaminants in a safe and efficient manner. As these technologies 

became more commonplace, the idea of indirect potable reuse (IPR) came to the 

forefront. IPR is a form of dejure reuse in that there are regulations and intent in reusing 

the reclaimed wastewater. IPR often takes the form of water supply remediation or 

augmentation, using water which was obtained by the advanced treatment of wastewater 

local to the supply being augmented. A common example is aquifer recharge, a practice 

becoming increasingly common in areas which rely on ground water and have aquifers 

susceptible to sea water intrusion or subsidence of the aquifer.9 Typically, aquifers refill 

with fresh water through the natural processes in the environment, but human activity has 

begun to drain many aquifers faster than they can be refilled. To address this and to serve 

as natural water storage, projects have been implemented which pump up to 100 million 

gallons of water per day (MGD) back into aquifers, refilling them and protecting from 

intrusion.10 The use of aquifers serves as a barrier between the end users and the 
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reclaimed wastewater. Before use, water from an aquifer is treated similarly to other 

source waters, meaning that if there are residual contaminants, they can be minimized by 

the standard treatment process. 

However, IPR necessitates storage and lag time between the treatment of the water and 

its use and the treatment of the water after extraction from intermediate storage. While 

there is source augmentation, treatment costs are not saved. To address this, direct 

potable reuse (DPR) became a notable idea. Since water is heavily treated prior to being 

introduced to the aquifer, why not treat the water additionally until it can be used 

directly? This idea sparked much research in recent years and a scramble to develop 

methods of removing trace contaminants from wastewater with greater confidence while 

maintaining an acceptable cost threshold. In certain locations, such as San Diego, the 

costs of importing water are high enough that the prospect of DPR becomes a viable 

economic decision and as water supply declines in the future, more locations will be 

looking into DPR and certainly IPR as solutions to their water scarcity issues. 
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Water Reuse Treatment Trains 

 

Figure 1-1 Scheme of a water reuse treatment Train 

In a standard wastewater treatment train, the sewage is taken, screened, undergoes 

flocculation, sedimentation and disinfection via UV-light irradiation or disinfectant 

addition prior to dumping to an ocean outfall or a river. A water reuse treatment train 

expands on wastewater treatment with additional steps to improve water quality to a more 

than drinkable state. In the case of the Orange County Water District (OCWD) water 

reuse treatment train, water is first filtered for larger particulates and solids prior to being 

passed through a microfiltration unit, which removes matter larger than a micron. This 

includes many bacteria and other biota. After this microfiltration step, typically the water 

still contains viruses, smaller pathogens, PPCPs, heavy metals and excess total dissolved 

solids in the form of salts, making in unsuitable for use. OCWD treats this by using a 

three-stage reverse osmosis process which strips away any large compounds and 

compounds with significant charge. This leaves the water comparatively clean, however 

Microfiltration

Wastewater
Effluent

Reverse Osmosis

H2O2

UV/AOP 
Reactor

HOCl

Chloramines ChloraminesChloramine 
formation

High Quality Water
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there are still significant concentrations of particularly recalcitrant trace organic 

contaminants. These contaminants are small, neutrally changed, and include compounds 

like N-nitrosodimethylamine (NDMA), 1,4-dioxane and other organic solvents and 

disinfection byproducts.  NDMA is a hazard in that it is highly toxic and carcinogenic 

while also being resistant to traditional treatment.11,12 Of particular interest to this thesis 

is 1,4-dioxane (1,4-D) which is a small, neutrally charged compound with applicable 

regulations attached. For a water reuse treatment process to be certified for use in 

California it must achieve at 0.5-log removal of 1,4-D by the end of its process.13 While 

reverse osmosis may not be able to reach this, advanced oxidation processes can. 

Advanced oxidation process or AOP refers to a chemical treatment process by which an 

oxidative radical is introduced to a system and oxidizes the offending contaminant. 

Examples of AOPs include peroxydisulfate based in-situ chemical oxidation, the standard 

Fenton hydrogen peroxide process, and even the treatment of wastewater using natural 

ponds to treat contamination.14-18 An AOP relies on an oxidant chemical, absorbing 

energy and breaking apart to form oxidative radicals which breakdown offending 

contaminants. This process is typically rapid and well suited for treating a variety of trace 

contaminants. This makes AOPs perfectly suited for the water reuse treatment process 

with the result being clean water which is suitable for direct reuse. 

Ultraviolet Light-Based Advanced Oxidation Processes 

AOPs come in many forms, classified by the method by which energy is applied to 

oxidant and the situation in which they are used. Principle to this thesis is the Ultraviolet 



7 
 

light-based advanced oxidation process or UV/AOP. This process works with oxidants 

that absorb light at 254 nm, and from this absorption, photolyze into oxidative radicals 

which then oxidize offending trace organic contaminants. The outcome of this process is 

always going to be oxidative radicals, however, the identity of those radicals impacted by 

the oxidant applied, which also changes which the trace organics which can be effectively 

removed. For example, the most common oxidant in UV/AOP is hydrogen peroxide 

(H2O2) which photolyzes to produce hydroxyl radical (HO•), a highly oxidative radical 

known for reacting with most organic contaminants of concern at rates applicable to what 

is needed for water treatment.19 Another oxidant of intrigue is peroxydisulfate (S2O8
2-), 

previously mentioned in the context of in-situ chemical oxidation, this oxidant photolyzes 

to produce sulfate radical (SO4
•-) which reacts with organic contaminants while also 

having the potential to oxidize certain metals.20,21 

As the development of AOPs continues, new photolyzable oxidants enter the arena for 

the possibility of being more efficient than previous oxidants. One such new oxidant is 

free chlorine (HOCl). Free chlorine is already present in most water treatment facilities in 

the form of a disinfectant or a disinfectant component, but it also has high absorbance and 

quantum yield at 254 nm, meaning it readily photolyzes into highly efficient radicals. In 

this case, HOCl forms HO• and chlorine atom (Cl•), both of which are highly oxidative 

and effective.22 Research around HOCl has found it to be effective for contaminant 

removal and efforts to deploy the oxidant in applied settings have already begun.23,24 

Related to HOCl is a derivative family of oxidants the chloramines, which form when 
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HOCl encounters ammonia. The chloramines uniformly photolyze into Cl• but possess 

more complicated chemistry.  

Chloramine Chemistry 

Chloramines as a group can reference both organic and inorganic chloramines, but in the 

context of this thesis, it only refers to inorganic chloramines. Inorganic chloramines are a 

relatively narrow group of compounds, encompassing monochloramine (NH2Cl), 

dichloramine (NHCl2), and trichloramine (NCl3). These compounds form from the 

reaction of HOCl with ammonia and their formation reactions can be simplified 

as follows: 

𝐻𝑂𝐶𝑙 + 𝑁𝐻3 → 𝑁𝐻2𝐶𝑙 + 𝐻2𝑂 

𝐻𝑂𝐶𝑙 + 𝑁𝐻2𝐶𝑙 → 𝑁𝐻𝐶𝑙2 + 𝐻2𝑂 

𝑁𝐻𝐶𝑙2 + 𝐻𝑂𝐶𝑙 → 𝑁𝐶𝑙3 + 𝐻2𝑂 

However, there exists additional reactions within this arrangement that further complicate 

the system which will be discussed throughout the thesis.25 Based on stoichiometry alone, 

the ratio of HOCl to NH3 has great impacts on which chloramine species will be 

dominant, but each chloramine species also has an optimal pH as well. At circum-neutral 

pH, NH2Cl is preferred, while pH values between 5 and 4 make NHCl2 more stable and 

lower pH makes NCl3 momentarily preferred, though it has a low solubility in water and 

will typically vaporize out of the solution. The relationship of free chlorine to ammonia 

ratio and the resulting distribution of chloramines and free chlorine is called the 
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breakpoint, shown below in Figure 1-2. At pH 7, molar ratios below 1.5 are dominated 

by monochloramine while ratios above 1.5 are dominated by free chlorine. 

Chloramines and free chlorine also possess their own photochemistry like that of other 

photooxidants. While the chlorine species have many peaks for photon absorption, they 

function spectacularly well at 254 nm. Shown in Figure 1-3 is the molar absorbance 

coefficients of the chlorine species of interest to this thesis, with the 254 nm band marked 

by a vertical dashed line. Previous research has shown that mono- and di- chloramine 

photolyze with a greater quantum yield (0.62 and 1.8 for NH2Cl and NHCl2 respectively) 

than the benchmark H2O2 (0.5), producing additional reactive nitrogen species.26 

𝑁𝐻2𝐶𝑙 𝑁𝐻2
• + 𝐶𝑙• 

𝑁𝐻𝐶𝑙2 𝑁𝐻𝐶𝑙• + 𝐶𝑙• 

These reactive nitrogen species were found to not be highly active in terms of oxidation 

but were implicated in the formation of nitrogenous disinfection byproducts.27,28 With 

recent research into chloramines, including their impacts on the efficiency of existing 

water reuse treatment trains, there has been talk about using them as photooxidants in 

AOPs, something which will be covered in a later chapter in detail.29,30 

Aims and Scope 

Prior to this research, there existed many gaps in the literature about the oxidative 

capacity of chloramines in a UV/AOP, the impact of chloramines on UV/AOPs, 

breakpoint chemistry and the possible exploitation of breakpoint for the oxidation of 
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organic contaminants. It was the aim of this research to first, explore the photochemistry 

of chloramines and examine the radical chemistry of these chloramines under photolysis 

(Chapter 2). Previously, the photochemistry of chloramines was limited to understanding 

that they generated Cl• and reactive nitrogen species but whether they could be used as an 

oxidant in UV/AOP had remained unexplored in the literature. Much of the previous 

research on chloramines, to this point, revolved around their role in DBP formation and 

their aptitude for disinfection, without much thought going into how they performed as 

oxidants in AOPs.31-33 

The chloramines of interest were known to be present in water reuse treatment trains, 

however, details on how these chloramines impacted treatment efficiency were limited to 

their interaction or lack there-of with reverse osmosis membranes.34,35 The research that 

had been done into the co-existence of chloramines with other oxidants focused on 

impacts on NDMA concentrations rather than on the radicals produced and mechanisms 

behind their production. It was the aim of this research to probe into precisely what 

radicals were produced in a mixed system, and how those radicals aided in the removal of 

1,4-D in a water reuse scenario (Chapter 3).  

The breakpoint chemistry behind chloramine formation is complex, but research around 

that chemistry has focused on the operational aspects of it. Previous researchers 

investigated how pH impacts chloramine distribution, the emergence of inorganic 

byproducts from the process, and eventually dug into the oxidative capacity of 

breakpoint.36-39 But little research had delved deeper into the nature of breakpoint’s 

oxidative capacity. It was the aim of this research to further explore the radical mediated 
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oxidation of breakpoint and determine how these radicals were produced and if the 

process could be exploited for trace organic contaminant removal (Chapter 4). 

After exploring the breakpoint chemistry and chloramine chemistry, as well as 

chloramine photochemistry, a novel idea came to mind. It was known that chloramines 

photolyzed and had a high molar absorbance coefficient and quantum yield. It was 

understood that the free chlorine required to create chloramines also could photolyze to 

generate reactive radicals. So it was thought that perhaps, the breakpoint process could be 

augmented to enhance organic removal by the addition of UV light during the breakpoint 

process and it was the aim of this study to investigate the mechanisms revealed by this 

augmentation (Chapter 5). 
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Figures 

 

Figure 1-2 The breakpoint curve at pH 7 
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Figure 1-3 The molar absorbance coefficients of the chloramine species and free chlorine 
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Abstract 

Although chloramines are ubiquitously present during ultraviolet-driven advanced 

oxidation processes (UV/AOP) that are becoming increasingly important for potable 

water reuse, the photochemistry of chloramines in treated wastewater, and the associated 

effects on trace chemical contaminant degradation, are unknown. This study investigated 

the fundamental radical chemistry involved in monochloramine (NH2Cl) photolysis and 

its efficiency in degrading 1,4-dioxane using a low-pressure Hg lamp (λ=254 nm). These 

results showed that the UV fluence-normalized rate of 1,4-dioxane degradation in 

UV/NH2Cl ranged between 1.1×10-4 and 2.9×10-4 cm2•mJ-1. The photolysis of NH2Cl 

produced NH2
• and Cl•, which further transformed to a series of reactive radical species. 

An optimal NH2Cl dosage for 1,4-dioxane degradation was observed at a 

[NH2Cl]/[1,4-dioxane] ratio of 8.0, while excess NH2Cl scavenged reactive radicals and 

decreased the treatment efficiency. Scavenging experiments and probe compound 

calculations showed that both Cl2
•- and HO• contributed significantly to 1,4-dioxane 

removal, while NH2
• radical reacted slowly with 1,4-dioxane. The presence of dissolved 

oxygen further decreased NH2
• reactivity. This study generated critical knowledge on the 

photochemistry of NH2Cl and will allow for future optimization of UV/AOP for more 

efficient water reuse treatments.  
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Introduction 

Potable water reuse offers a sustainable approach to address water scarcity and mitigate 

the long-term impacts of climate change.1,2 The ultraviolet-based advanced oxidation 

process (UV/AOP) is integral to potable water reuse treatments. Typically, an oxidant, 

e.g., hydrogen peroxide (H2O2), persulfate (S2O8
2-) or free chlorine (HOCl) is added and 

photolyzed to generate reactive radical species that degrade trace organic contaminants in 

the recycled water.3-13 However, membrane treatment processes including microfiltration 

(MF) and reverse osmosis (RO) are employed prior to any UV/AOP. Chloramines, 

especially monochloramine (NH2Cl) are deliberately generated in the feed water to 

minimize membrane biological fouling.14,15 Because of their small molecular size and 

neutral charge, chloramines easily diffuse through RO membranes, and subsequently will 

undergo photolysis in the UV/AOP.16 

Other neutral and low-molecular-weight trace organic contaminants are poorly removed 

by the RO membrane and are carried over to UV/AOP.17 For example, 1,4-dioxane (1,4-

D), a solvent stabilizer used in many industrial and personal care products, is persistent in 

RO permeate.18 1,4-D is classified as a probable Class 2B human carcinogen.19 It has 

served as a surrogate contaminant for the validation of AOPs as it is water soluble, is not 

photolyzed at 254 nm and requires oxidation to be removed from the recycled water.20 

Due to its significant implications on the quality of recycled water, regulatory standards 

in California require at least 0.5 log of removal for 1,4-D by UV/AOP.21 

As more water utilities adopt UV/AOPs into their wastewater treatment, the nature of 

chloramine photochemistry in recycled water of RO permeate needs to be better 



 
 

20 

understood, as this can potentially provide additional removal of trace organic 

contaminants and enhance the UV/AOP performance for potable water reuse. Prior 

studies on chloramine photochemistry have mainly examined its reactivity as a 

disinfectant in swimming pools,22,23 the formation of disinfection by-products during 

drinking water treatment,24,25 the solar irradiation in ballast water,26 and its photolysis in 

organic-free conditions.27,28 The chemical condition of recycled water during UV/AOP 

treatment step is characteristic of low natural organic matter content, acidic pH and the 

presence of neutral and small trace organic contaminants. The nature of NH2Cl photolysis 

after membrane treatment during UV/AOP in recycled water have not been 

systematically explored. Currently little is known about the nature and reactivity of 

NH2Cl photochemistry with 1,4-dioxane in the unique water chemistry relevant to water 

reuse. 

It was previously reported that the photolysis of NH2Cl generates the amine radical 

(NH2
•) and the chlorine atom (Cl•).23,28,29 The Cl• atom can be converted to hydroxyl 

radical (HO•) via its reaction with hydroxide, followed by the dissociation of ClOH•-, or 

generate the chlorine dimer Cl2
•-.30-33 The fate of NH2

• in water is largely unknown. 

Although its redox potential is estimated to be lower than that of HO•,34-37 prior studies 

have shown that NH2
• is capable of oxidizing antibiotics in wastewater and generating 

NH2-adduct products.38-40 However, the equivalent monochloramine photochemistry with 

1,4-dioxane and the associated radical reactivity have not yet been established. 

The objectives of this study were to investigate the photochemistry of NH2Cl in RO 

permeate chemical conditions, examine the distribution and the reactivity of the radical 



 
 

21 

species generated, and elucidate the mechanisms associated with the oxidation of 1,4-

dioxane in a water reuse scenario. 

Materials and Methods 

All chemicals used in this study were reagent grade or higher. Solutions were prepared 

using deionized (DI) water (resistivity >18.2 M , Millipore System) purged with 

ambient air to achieve air-saturated conditions. In some experiments, the DI water was 

purged with N2 for 30 mins prior to use to remove the dissolved O2.  A 50 mM NH2Cl 

working solution was prepared daily by adding a HOCl stock solution to (NH4)2SO4 with 

a N:Cl molar ratio of 1.2:1 buffered at pH 8 using borate. The chloride residual in NH2Cl 

was quantified by ion chromatography (Dionex Inc.). There was an equimolar 

concentration of chloride with NH2Cl due to its equilibrium with HOCl stock solution 

(Figure S1).41 The targeted NH2Cl concentration ranged between 0.2 and 6 mM, and the 

concentration of 1,4-D was 0.2 mM. The final solution pH was controlled at 5.8 (i.e., the 

typical pH of RO permeate) with 40 mM phosphate buffer. To examine the reactivity of 

NH2
• and other reactive amine species formed in the UV/NH2Cl experiments, additional 

UV/H2O2 experiments were conducted in the presence of NH3 at pH 5.8 and 11.42 Ionic 

strength was controlled at 35 mM in UV/NH2Cl experiments and 120 mM in UV/H2O2 

experiments. The choice of NH2Cl and 1,4-dioxane concentrations higher than that in 

applied conditions (typically 0.05 mM and 0.05 µM) provides useful insight into the 

reaction kinetics, and fundamental radical pathways of the UV/NH2Cl system.  

Prepared solutions were transferred to multiple 8-mL sealed quartz tubes without 

headspace. The tubes were then placed in a carousel UV chamber illuminated with a low-
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pressure monochromatic Hg lamp (λ=254 nm) at an intensity of 2.1 mW/cm2 (Phillips 

TUV6T5). At targeted time intervals, reaction tubes were taken out of the carousel 

chamber and analyzed for chemical compositions. All experiments were conducted in 

duplicate or triplicate at room temperature of 23 ± 2 °C.  

Concentrations of NH2Cl were determined using the standard DPD method.43 

Concentrations of 1,4-D were analyzed with an Agilent 1200 liquid chromatograph 

equipped with a diode array detector (details provided as Text S1 in the SI). Dissolved O2 

was measured using a dissolved O2 probe (Mettler Toledo). Nitrobenzene (20 M) and 

benzoic acid (10 M) were added simultaneously as probe compounds to quantify the 

steady-state concentrations of reactive radicals in UV/NH2Cl using competition kinetics. 

Tert-butanol (TBA) was employed as a radical scavenger in some experiments. The 

second-order rate constants of reactive chlorine species (Cl• and Cl2
•-) reacting with 1,4-D 

were determined by electron pulse radiolysis experiments conducted at Notre Dame 

Radiation Laboratory in Indiana, USA. In short, the electron pulse radiolysis of water in 

the presence of chloride and persulfate was conducted and the production of Cl2
•- that 

absorbed strongly at 340 nm was monitored to measure the rate constants. Details on the 

radiolysis experiments and data analysis are provided as Text S2 and Figures S2-S3 in the 

SI.  
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Results and Discussion 

1,4-dioxane degradation in UV/NH2Cl 

1,4-D degradation took place in UV/NH2Cl under RO permeate chemical conditions 

(Figure 1A). The UV fluence-normalized pseudo first-order rate constant of 1,4-D 

degradation (k1,4-dioxane) initially increased with NH2Cl dosage, peaking at approximately 

2.9×10-4 cm2×mJ-1 with 2 mM NH2Cl. This corresponded to a [NH2Cl]/[1,4-D] molar 

ratio of 8. The degradation rate decreased by nearly 40% as the NH2Cl dosage further 

increased from 2 to 6 mM. Meanwhile, the rate of NH2Cl consumption (kNH2Cl) increased 

with higher NH2Cl dosage. The direct photolysis of 1,4-D was negligible in the absence 

of NH2Cl. Both NH2Cl and 1,4-D exhibited pseudo first-order decay kinetics (Figures 

S4–S5).  

The increase in NH2Cl dosage enhanced the generation of NH2
• and Cl• (Reaction 1 in 

Scheme 1; all subsequent reactions are referred to Scheme 1). Based on the rate constants 

of radical reactions, Cl• was transformed to HO• mainly via the Cl2
•- and ClOH•- pathways 

(Reactions 2-6). Detailed calculations on the fate of Cl•, Cl2•- and HO• are provided in 

Texts S3-S5. Essentially, the increase in NH2Cl dosage promoted HO• and Cl2
•- formation 

and enhanced 1,4-D degradation. The subsequent decrease of the 1,4-D degradation rate 

at NH2Cl concentrations greater than 2 mM was due to the scavenging of HO• and Cl2
•- 

by NH2Cl (Reactions 7-8). The scavenging reactions produced NHCl• which did not 

significantly contribute to the oxidation of 1,4-D. The correlation between the rates of 

1,4-D degradation and NH2Cl consumption exhibited a bell-shape behavior (Figure 1B). 

Lower NH2Cl consumption rates corresponded to the desirable conditions where HO• and 
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Cl2
•- generated from NH2Cl photolysis effectively reacted with 1,4-D. Higher NH2Cl 

consumption rates were dominated by scavenging reactions that decreased the yields of 

Cl•, OH• and Cl2•-. In addition, higher concentrations of NH2Cl were associated with 

greater Cl- concentrations, contributing to higher steady-state concentrations of Cl2
•- and a 

higher contribution of Cl2
•- to 1,4-D oxidation. 

Nature of reactive amine radicals in UV/NH2Cl 

To understand the reactivities of radical species with 1,4-D in UV/NH2Cl, especially 

reactive amine radicals including NH2
•, additional UV/H2O2 experiments were conducted 

in the presence of varying concentrations of NH3 at different levels of pH and dissolved 

O2. The generation of NH2
• was controlled via the addition of NH3, which scavenged of 

HO• during H2O2 photolysis (Reaction 9) The branching ratio was determined as the ratio 

between the rates of reactions 9 and 12. Experiments showed that in N2-purged solutions 

and at pH 11, as the branching ratio of HO• reacting with NH3 increased from 0% to 90% 

(i.e., the percentage of HO• reacting with NH3 over HO• reacting with NH3 and 1,4-D 

combined, which is indicative of the extent of NH2
• formation via HO•, Reaction 9), the 

rate of 1,4-D degradation decreased by 80% (Figure 2). NH2
• was reported not to react 

quickly with organic compounds in general.44 For example, a prior study showed that 

NH2
• had a low reactivity with primary amines (<105 M-1s-1) and phenolate (106 M-1s-1).45 

The NH3 scavenging trend also suggested NH2
• had very a limited reactivity with 1,4-D. 

When the pH of the N2-purged solution was decreased to 5.8, the rate of 1,4-D 

degradation remained high and stable at varying NH3 branching ratios (Figure 2). This 
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indicated that the NH2
• was not generated via HO• at the acidic pH when NH4

+ was the 

predominant ammonium species (pK=9.6).  

When similar experiments were conducted in air-saturated solutions, the rate of 1,4-D 

degradation also decreased with increasing NH3 branching ratios at pH 11, however, 

these rates were nearly 40% lower in air-saturated solution than those in N2-purged 

conditions for NH3 branching ratio was higher than 50% (Figure 2). It has been reported 

that NH2
• reacts with dissolved O2 to yield NH2O2

• (Reaction 10).46,47 It is likely that 

NH2O2
• further decayed to less oxidative species that negligibly impacted 1,4-D 

degradation (Text S6). In addition, when the pH of air-saturated solution was decreased 

to 5.8, the rate of 1,4-D degradation also remained stably high regardless of NH3 

branching ratio (Figure 2). It is noticeable that there was only a trace level of carbonate 

species in the solution and the generation of carbonate radical CO3
•- was negligible 

(Text S7). 

Nature of reactive chlorine radicals in UV/NH2Cl 

Cl2
•- was the predominant chlorine radical species that contributed to 1,4-dioxane 

degradation in UV/NH2Cl. Based on the decay of radical probe compounds (calculations 

provided in Text S8), the steady-state concentrations of Cl2
•-, HO• and NH2

• were 

calculated as 4.910-11, 1.610-13 and 8.710-9 M, respectively, in UV/NH2Cl with 2 mM 

NH2Cl and 250 M 1,4-dioxane. Because of the low reactivity of NH2
• with 1,4-D, HO• 

and Cl2
•- contributed 76% and 24% to 1,4-D degradation, respectively (Reactions 11-12).  
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Additional TBA scavenging experiments were performed to further confirm the 

importance of Cl2
•- in UV/NH2Cl. 1,4-D degradation was suppressed by approximately 

30% when 5 mM TBA was added (Figure 3). This decrease in reaction rate resulted from 

the TBA scavenging of Cl•, Cl2•- and HO•. TBA reacted quickly with HO• and Cl• yet 

much slowly with Cl2
•- (Table S1). The scavenging of Cl• by 5 mM TBA decreased the 

steady-state concentrations of Cl2
•- and HO• by 8% and 34% respectively (detailed 

calculations in Text S9). The combined predicted scavenging effects on Cl2
•- and HO• by 

5 mM TBA decreased the degradation rate of 1,4-D by approximately 30% (Text S9), 

which was consistent with the experimental observation (Figure 3). The consistency 

between the calculated steady-state radical concentrations and the experimental data 

strongly suggested that both Cl2
•- and HO• significantly contributed to 1,4-D degradation 

in UV/NH2Cl. Furthermore, an increase of TBA concentration from 5 to 50 mM 

increased the decay rate of 1,4-D (Figure 3). This was likely contributed by a significant 

generation of intermediate reactive TBA oxidation products. Previous studies showed 

that an intermediate radical from TBA oxidation, •CH2C(CH3)2OH, also possibly reacted 

with 1,4-dioxane.44,48,49  

Environmental implications 

The presence of chloramines in UV/AOP as carry-over chemical residuals from 

membrane treatment processes can also be harnessed as an oxidant beneficial to water 

reuse. To maximize the efficiency of UV/NH2Cl on trace organic contaminant removal, 

an optimal chloramine dosage is required, as higher NH2Cl concentrations act as self-

scavengers to decrease the yields of reactive radicals, i.e., HO• and Cl2
•-. It should be 
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noted that the NH2Cl dose in our experiments promoted the production of Cl2
•-, which 

would have a lower yield than Cl• in applied RO permeate conditions. Considering the 

long-term impacts of climate change and drought, an efficient integration of individual 

treatments for water reuse and a better utilization of chloramine photolysis will lead to a 

more sustainable water management strategy. The generation of amine and halide 

radicals in UV/NH2Cl may affect the formation of nitrogenous disinfection by-products 

(N-DBPs), which will be investigated in the future. 
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Figures 

 

Scheme 2-1 Illustration of the radical reaction pathways involved in the UV/NH2Cl based 

degradation of 1,4-dioxane (1,4-D). [1,4-D] = 0.25 mM, [NH2Cl] = 0.2-6 mM, pH=5.8.    
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Figure 2-1 Treatment of 1,4-dioxane by UV/NH2Cl at varying NH2Cl doses. (A) Dose 

response of 1,4-dioxane treatment to NH2Cl concentration; (B) Correlation between UV 

fluence-normalized rates of 1,4-dioxane decay and NH2Cl consumption at varying NH2Cl 

doses. [1,4-D]=250 M, [NH2Cl]=0.8-6 mM, pH=5.8, N2-purged solution. The dash line 

is the polynomial trendline fitting of the experimental data. 
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Figure 2-2 The degradation of 1,4-dioxane in UV/H2O2 with NH3. Initial [H2O2]=2 mM, 

initial [1,4-D]=250 M, ionic strength=120 mM. The branching ratio refers to the ratio of 

HO• reacting with NH3 instead of with 1,4-dioxane. Experiments were conducted in 

either N2-purged or air-saturated solution.  
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Figure 2-3 The impacts of tert-butanol (TBA) on 1,4-dioxane degradation in UV/NH2Cl 

with N2-purged solution. Initial [1,4-D] = 250 M, initial [NH2Cl] = 2 mM, pH = 5.8, 

ionic strength = 35 mM. 
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Abstract 

Growing demands and increasing scarcity of freshwater resources necessitate potable water 

reuse, which has been implemented with the aid of UV-based advanced oxidation processes 

(UV/AOPs) that remove potentially hazardous trace organic contaminants from reclaimed 

water. During the potable reuse treatment process, chloramines are added to prevent 

membrane fouling that are carried over to the UV/AOP, where hydrogen peroxide (H2O2) 

is commonly added. However, the impact of chloramines on the photolysis of H2O2 and 

the overall performance of the UV/AOP remains unknown. This study investigated the 

impacts of the photochemistry of monochloramine (NH2Cl) and dichloramine (NHCl2) 

associated with the photolysis of H2O2 on the degradation of 1,4-dioxane (1,4-D), a trace 

organic contaminant ubiquitous in recycled water. Results indicated that NH2Cl and NHCl2 

alone functioned as oxidants upon UV photolysis, which produced HO• and Cl2
•- as the two 

primary oxidative radicals. The speciation of chloramines did not have a significant impact 

on the degradation kinetics. The inclusion of monochloramine in UV/H2O2 greatly 

decreased 1,4-D removal efficiency. HO• was the major radical in the mixed 

H2O2/chloramine system. Results from this study suggest that recognizing the existence of 

chloramines in UV/H2O2 systems is important for predicting UV/AOP performance in the 

treatment train of potable reuse.  
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Introduction 

Potable reuse has become increasingly important to alleviate water shortage in drought 

stricken regions.1,2 Water reuse treatment trains rely on a sequence of processes which 

remove microbiological, inorganic and trace organic contaminants from wastewater 

effluent that may have adverse health effects. 3 -5  Specifically, microfiltration (MF) or 

ultrafiltration (UF) are used to remove bacteria and colloidal particles from the wastewater 

effluent, reverse osmosis (RO) for salt rejection, and they are commonly followed by a 

UV-based advanced oxidation process (UV/AOP) for disinfection and removal of trace 

contaminants.2 To prevent MF and RO membrane biofouling, chloramines are typically 

introduced in the feed water, through the addition of chlorine which reacts with ammonia 

present in the wastewater effluent: 

 𝑁𝐻3  + 𝐻𝑂𝐶𝑙 → 𝑁𝐻2𝐶𝑙 + 𝐻2𝑂 (1) 

 𝑁𝐻2𝐶𝑙 + 𝐻𝑂𝐶𝑙 → 𝑁𝐻𝐶𝑙2 + 𝐻2𝑂 (2) 

Typically, both monochloramine (NH2Cl) and dichloramine (NHCl2) are generated in the 

feed water, with their speciation depending on solution pH, and ratio between free chlorine 

and ammonia. 6 - 8  NH2Cl has a greater disinfection efficiency than NHCl2 and is the 

preferred antifouling species.9 More importantly, because both chloramines are small and 

neutral, they easily diffuse through RO membranes and carry over to the UV/AOP step. 

Meanwhile, RO membranes do not efficiently remove small and neutrally charged trace 

organic contaminants including 1,4-dioxane (1,4-D), which is widely present in municipal 

wastewater due to its use as an industrial stabilizer of chlorinated solvents and presence in 
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personal care products.11,12 1,4-D is classified as a 2B carcinogen,13 and thus, the State of 

California requires the demonstration of a minimum of 0.5-log removal of 1,4-D during 

AOP for potable reuse and established a 1 ng/L notification level.15 Because 1,4-D is not 

subject to direct photolysis, hydrogen peroxide (H2O2) is typically added during UV 

treatment, where the photolysis of H2O2 at 254 nm produces highly reactive hydroxyl 

radicals (HO•) that degrade 1,4-D and other trace organic contaminants.16-18 

Chloramine species have high molar absorptivity coefficients relative to H2O2, i.e., 388 

and 142 M-1cm-1 for NH2Cl and NHCl2 at 254 nm, respectively, compared to 18.8 M-1cm-1 

for H2O2. Chloramines are photolyzed to produce unique radicals including NH2
•, NHCl•, 

and Cl• with differing quantum yields, 0.54 for NH2Cl and 0.82 for NHCl2.19,20 The amino 

radical (NH2
•) reacts with phenol and compounds with primary amine functional groups, 

while NHCl• is relatively non-reactive.21,22 Chlorine atom (Cl•) reacts with a diffusion 

limited rate constant with aromatic compounds and also reacts with chloride to form 

chlorine dimer (Cl2
•-), which reacts with water to form HO• or decays to form chloride.23-25 

The photolysis of NH2Cl has also been recently found to degrade 1,4-D via the generation 

of Cl2
•- and HO•.26,27 The photochemistry of trichloramine (NCl3) has previously been used 

to remove it from swimming pool water.28 

Current literature on the photochemistry associated with UV/AOPs implemented for 

potable reuse considers pure and single oxidant systems (e.g. UV/H2O2 or UV/NH2Cl) but 

does not consider the de facto co-existence and simultaneous photolysis of chloramines 

and H2O2 during UV/AOP. Although chloramines can react with H2O2 without UV 

irradiation over the course of hours,29 the impact of chloramines on UV/H2O2 with respect 
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to the removal of trace organic contaminants remains unknown. It is likely that a unique 

set of chain reactions controls radical generation and treatment efficiency. Therefore, the 

objectives of this study were to evaluate the efficacy of UV/chloramine, especially the 

impact of chloramine speciation (i.e., NH2Cl vs. NHCl2) on 1,4-D removal, and examine 

the impacts of co-existing chloramines on the photochemistry of H2O2. 

Materials and Methods 

All chemicals were of ACS or reagent grade. Most experiments were prepared in deionized 

(DI) water (18.2 MΩ•cm, Millipore), and in some experiments real RO permeate from a 

water reuse treatment facility was used. A 5% NaOCl solution (Arcos Organics) was 

standardized by KMnO4 method prior to use.30  A 50 mM NH2Cl stock solution was 

prepared daily by titrating 30 mM (NH4)2SO4 with 50 mM NaOCl at a N-to-Cl2 molar ratio 

of 1.2. The (NH4)2SO4 solution was buffered at pH 8.8 using 4 mM borate. The final NH2Cl 

stock solution had a pH of 8.8 and was equilibrated for at least 1 hr. prior to use. A 25 mM 

NHCl2 stock solution was prepared by lowering the pH of the NH2Cl solution below 5.5 

using HClO4 and equilibrating for 10 min. The concentrations of chloramine stock 

solutions were confirmed by standard DPD method.30 

To start an experiment, DI water was purged with N2 gas for 20 minutes to lower dissolved 

O2 and inorganic carbon levels as close as those observed in RO permeate. This was 

followed by the addition of 250 µM 1,4-D and radical probe compounds (20 µM 

nitrobenzene and 10 µM benzoic acid). Chloramines and H2O2 were then added in their 

specified concentrations as required. The concentrations of 1,4-D and oxidants were higher 

than those in RO permeate to provide useful insight into reaction kinetics and radical 
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chemistry.26 In the single chloramine systems (UV/NH2Cl or UV/NHCl2), the 

concentration of NH2Cl and NHCl2 was varied between 0.2 and 6 mM with a fixed 

concentration of 1,4-D (250 µM), resulting in a molar ratio of chloramine-to-1,4-D 

between 0.8 and 24. In experiments to study the impact of mixed oxidants, stock solutions 

of NH2Cl, NHCl2, and H2O2 were made separately and working solutions prepared prior to 

UV irradiation. Mixtures of chloramines were found to be stable for the duration of the 

experiments. All experiments were conducted at pH 5.8 which is typical for reverse 

osmosis permeate and maintained with 40 mM phosphate buffer at 20○C which was 

maintained by air circulation in the reaction chamber. 

The prepared solution was dispensed into sealed 8-mL quartz reaction tubes placed in a 

carousel UV reactor (Ace Glass) equipped with a low-pressure Hg lamp (Ultra Sun 

Technologies). Samples were taken at 5-min intervals under UV irradiation for a total of 

25 min (UV dosage ~3500 mJ/cm2). Upon removal from the UV reactor, chloramine and 

H2O2 concentrations were immediately measured by DPD and KI methods, respectively.31 

In preparation for organic analysis, the residual oxidants in the remaining sample were 

quenched with 5.5 mM thiosulfate. Concentrations of probe compounds and 1,4-D were 

quantified by HPLC-UV (Text S1). A competition kinetic method32 was used to calculate 

steady-state radical concentrations (Text S2). In brief, the experimentally measured pseudo 

first-order degradation kinetics of probe compounds and the literature reported second-

order rate constants of reactions between probe compounds and radicals were used to 

calculate the steady-state radical concentrations. In all cases, the addition of probe 

compounds consumed a negligible fraction of radicals and did not interfere with 1,4-D 
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degradation. Probe compounds and 1,4-D were found not to directly photolyze in control 

experiments. 

Nitrogen product analysis from chloramine decay was carried out by a combination of 

methods. Total nitrogen was measured by a TOC analyzer equipped with a nitrogen 

detector (OI Analytical Aurora 1030). Ammonia was measured by the standard phenate 

method. 33  Nitrate was determined using the salicylic acid method, 34  and nitrite was 

determined using the sulfanilamide method.30 Organic nitrogen was determined by 

subtracting nitrate, nitrite, and ammonia from total nitrogen. Gaseous nitrogen formation 

was calculated by subtracting the initial total nitrogen from total dissolved nitrogen 

measured after exposure to 3500 mJ/cm2. 

Results and Discussion 

Photochemistry of NH2Cl and NHCl2 

In this study, we first examined the capability of NH2Cl and NHCl2 to remove 1,4-D under 

UV photolytic conditions analogous to the treatment of RO permeate at a wastewater 

recycling facility. The rate of 1,4-D removal under NH2Cl photolysis was approximately 

60–80% higher than with NHCl2 when the chloramine dosage was less than 2 mM. At 

concentrations less than 4 mM, NH2Cl was more efficient at removing 1,4-D than NHCl2 

and reached the maximal rate at 2 mM compared to 4 mM for NHCl2 (Figure 1A). NH2Cl 

has a greater molar absorptivity coefficient at 254 nm, but a lower quantum yield 

(0.54 vs. 0.82) than NHCl2.20 The combined effects led to similar photolysis rates between 

NH2Cl and NHCl2 at 2 mM (Figure S1). However, the effective yield of reactive radicals 
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from the photolysis of NH2Cl was higher than NHCl2 at a chloramine dosage less than 

2 mM.  

Upon UV photolysis, both NH2Cl and NHCl2 generate Cl• in addition to the formation of 

NH2
• and NHCl•, respectively (Scheme 1, R1–R2). The majority of Cl• reacts with residual 

chloride present in the free chlorine solution and forms Cl2
•- (Scheme 1, R3) with an 

insignificant percentage, with 0.05% and 1% reacting with 1,4-D and BA, respectively. As 

such all RCS is generalized as Cl2
•-. Chloride is present at an equal molar concentration to 

chloramine due to the hydrolysis of aqueous Cl2 to form hypochlorous acid: 

 𝐶𝑙2 + 𝐻2𝑂 → 𝐻𝑂𝐶𝑙 + 𝐻+ + 𝐶𝑙− (3) 

Cl• and Cl2
•- undergo further hydrolysis to form HO• (Scheme 1, R4–R7).35 Both Cl2

•- and 

HO• are major contributors to 1,4-D removal (Scheme 1, R8–R9), resulting in an increase 

in the 1,4-D degradation rate constant with increasing chloramine dosage with chloramine 

concentrations lower than 1 and 2 mM for NH2Cl and NHCl2 respectively (Figure 1A).  

As the chloramine dosage increased beyond the optimal level, the scavenging of Cl2
•- and 

HO• by NH2Cl and NHCl2 (Scheme 1, R10–R13) competed against the rate of radical 

production, resulting in a decline in 1,4-D removal efficiency (Figure 1A). Furthermore, 

the UV fluence normalized rate constant of 1,4-D degradation exhibited a bell-shape 

correlation with the photolysis rate of NH2Cl and NHCl2, respectively (Figure 1B), 

revealing a radical promoting regime at lower chloramine photolysis rates, and a radical 

scavenging regime at higher chloramine photolysis rates. At the maximal 1,4-D removal 

rate constants, NH2Cl reacted with 52% of HO• and 96% of Cl2
•-, and NHCl2 reacted with 
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53% of HO• and 95% of Cl2
•-. As the chloramines exceed their optimal concentrations, a 

greater percentage of HO• and Cl2
•- reacted with chloramines instead of 1,4-D (Texts S3–

S4 and Figures S2–S3 in SI). 

Radical distribution obtained with probe compounds confirmed that HO• was the major 

reactive radical contributing to 1,4-D degradation through chloramine photolysis, followed 

by Cl2
•- (Figure 2). However, the contribution of Cl2

•- to 1,4-D degradation was greater 

with NHCl2 photolysis than with NH2Cl photolysis at concentrations greater than 2 mM. 

NH2Cl reacts with Cl2
•- approximately 2.6 times faster than NHCl2 (Scheme 1, R11, 

1.14×107 M-1s-1 vs. R12, 4.4×106 M-1s-1),36 leading to a greater steady-state concentration 

of Cl2
•- in the NHCl2 system. The net effect is an increased Cl2

•- contribution to 1,4-D 

removal in the NHCl2 system as well as a shift in the optimal chloramine concentration. 

Impacts of Chloramine Speciation 

The impacts of the relative percentage of NH2Cl and NHCl2 in the chloramine mixture on 

the efficiency of 1,4-D degradation under UV photolysis were investigated. The 1,4-D 

removal rate constant increased by 37% as the NH2Cl-to-NHCl2 ratio increased (solid bars 

in Figure 3). The percentage contribution of radicals to 1,4-D degradation remained 

unchanged regardless of the chloramine composition, averaging at 70% from HO• and 30% 

from Cl2
•-. The photolysis of a mixture of NH2Cl and NHCl2 behaves as a gradient between 

the two species, where the photolysis of one species does not aid the photolysis of the other 

(solid bars in Figure 3). However, the observed rate constants of 1,4-D degradation were 

lower than the calculated theoretical values without considering radical scavenging effects 
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(striped bars in Figure 3), suggesting that the simultaneous photolysis of NH2Cl and NHCl2 

resulted in a scavenging effect on reactive radical generation. The theoretical values were 

calculated based on photon absorption and radical contributions from both NH2Cl and 

NHCl2 (calculations in Text S5 of SI). 

In the NH2Cl/NHCl2 mixture, the experimentally observed 1,4-D removal rate constants 

were between 30% and 50% lower than the theoretical rate constants not accounting for 

radical scavenging effects (Figure 3). The reactive radicals (i.e., HO• and Cl2
•-) were 

scavenged by the respective chloramines and account for the difference (Scheme 1, 

R10-R13). For example, with 50% NH2Cl in the mixture, NH2Cl scavenged 30% HO• and 

68% of Cl2
•-, and NHCl2 scavenged 15% of HO• and 26% of Cl2

•-. With 90% NH2Cl in the 

mixture, NH2Cl scavenged 48% of HO• and 92% of Cl2
•-, while NHCl2 scavenged a 

negligible percentage of radicals (Figure S4, detailed calculations in Texts S6–S7 of SI).  

Furthermore, the kinetics of 1,4-D removal was positively correlated with the NH2Cl 

photolysis rate and negatively correlated with the NHCl2 photolysis rate (Figure S5A). This 

is because NHCl2 is less effective at lower concentrations, as demonstrated previously, and 

absorbs less light. NH2Cl has a higher molar absorptivity coefficient at 254 nm than NHCl2, 

forming more active radical species as the photolysis rate increases. The total chloramine 

concentration in the mixture was held constant at 2 mM. Therefore, the optimum 

concentration for NH2Cl existed initially and increases in NHCl2 were below the optimum 

concentration for NHCl2. Increases in NHCl2 photolysis rate in the mixture led to a decline 

in overall radical production. Related to this, the rate of chloramine photolysis positively 

correlated with chloramine concentration (Figure S5B). When the proportion of the 



 

 47 

mixture that is NH2Cl or NHCl2 increased, the UV light absorbed by either component 

increased (Figure S6), leading to a higher photolysis rate.   

Impacts of NH2Cl photolysis on UV/H2O2 

The impact of NH2Cl during the UV photolysis of H2O2 and associated 1,4-D removal was 

subsequently investigated. Results showed that the presence of NH2Cl dramatically 

decreased the removal rate constant of 1,4-D (solid bars in Figure 4A). Compared to 

conditions without NH2Cl, the addition of 0.2 mM NH2Cl to 2 mM H2O2 resulted in a 24% 

decrease in the 1,4-D removal rate constant under UV photolysis. As additional NH2Cl up 

to 2 mM was added, the overall 1,4-D removal rate constant continued to drop, reaching a 

minimum at only 37% of the rate constant of H2O2 alone. As the NH2Cl concentration 

increased, the difference between the experimental and theoretical values, in absence of 

scavenging, increased up to 70%, with the experimental values much lower than theoretical 

predictions (solid bars vs. striped bars in Figure 4A). 

These results suggest that radical scavenging occurred with the inclusion of even a small 

amount of NH2Cl with H2O2 during UV photolysis. Two factors contributed to this trend. 

First, the co-existence of NH2Cl with H2O2 dramatically reduced the HO• steady-state 

concentration. For example, a 75% decrease in the HO• contribution was observed when 

NH2Cl was increased from 0 to 2 mM (solid bars in Figure 4A). The decrease in HO• is 

due to scavenging by NH2Cl (R10 in Scheme 1), which generates NHCl• that is not reactive 

with 1,4-D. Specifically, NH2Cl reacted with 51% of the HO•, with 39% left to react with 

1,4-D (Text S8). The percentage of HO• reacting with 1,4-D decreased as NH2Cl 

concentration increased (Figure S7). Conversely, the Cl2
•- contribution to degradation 
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increased from 18% at 0.2 mM NH2Cl to 33% at 2 mM (solid bars in Figure 4A), which 

resulted from enhanced NH2Cl photolysis. However, the majority of Cl2
•- generated 

(i.e., 95% at 2 mM NH2Cl) was scavenged by NH2Cl. (Text S9, Figure S8) 

Second, photon screening associated with the presence of NH2Cl significantly impacted 

the AOP. With the co-existence of 0.2 mM NH2Cl and 2 mM H2O2, the percentage of UV 

light absorbed by H2O2 decreased by 67% compared to H2O2 alone, vastly reducing the 

photolysis rate of H2O2 and the production of HO• (Figure S9). As the NH2Cl concentration 

increased further, UV-light absorption by NH2Cl increased, increasing the photolysis rate 

and production of NH2
• and Cl• (Figure 4B). As a result, a net loss of oxidative radical 

production was observed instead of promoting increased 1,4-D degradation.  

Impacts of NHCl2 photolysis on UV/H2O2 

The presence of NHCl2 during H2O2 photolysis had an insignificant impact on the 1,4-D 

degradation rate, in comparison to NH2Cl. For example, compared to H2O2 alone, the 

presence of 0.2 mM NHCl2 in conjunction with 2 mM H2O2 photolysis reduced the removal 

rate constant of 1,4-D by a negligible amount (i.e. 16%). Further increase of NHCl2 

concentration up to 2 mM had a minor impact on the removal rate constant of 1,4-D 

compared to the impact of NH2Cl (solid bars in Figure 5A). Furthermore, the 

experimentally measured rate constants were like the theoretical calculations when the 

NHCl2 concentration was <1 mM, and a significant scavenging effect was most evident 

when the NHCl2 concentration reached 2 mM (striped bars in Figure 5A). 
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The difference between the impact of NH2Cl versus NHCl2 during H2O2 photolysis was 

attributable to several factors. First, NHCl2 reacts with HO• and Cl2
•- at 2.6×108 and 

4.4×106 M-1·s-1, respectively, and produces non-oxidative NCl2
• that did not contribute to 

1,4-D removal (Scheme 1, R12-13)37 Further, the scavenging of HO• and Cl2
•- by NHCl2 

is 45% and 39% of NH2Cl respectively. As a result, NHCl2 scavenged far fewer active 

radicals than NH2Cl at the same concentrations. For example, 5% and less than 1% of HO• 

and Cl2
•- respectively were scavenged by NHCl2 at 0.2 mM. At 2 mM NHCl2 this demand 

increases to 34% and 7% for HO• and Cl2
•-. (Texts S8-S9, Figure S10). 

Second, NHCl2 has a lower molar absorbance coefficient than NH2Cl (142 vs. 388 M-1cm-1 

at 254 nm). Therefore, the photon scavenging effects of NHCl2 with respect to H2O2 

photolysis was much less than NH2Cl. For example, NHCl2 absorbs 43% of the UV light 

at 0.2 mM vs 67% for NH2Cl at the same concentration. At equimolar NHCl2 and H2O2, 

NHCl2 accounts for 88% of UV light demand vs 95% for NH2Cl (Figure S9 versus Figure 

S11). Thus, the H2O2 photolysis rate in the presence of 0.2 mM chloramine decreases by 

70% for NHCl2 and 79% for NH2Cl.  

Figure 5B illustrates the relationship between NHCl2 concentration and oxidant photolysis 

rate. With 2 mM NHCl2 and H2O2 the photolysis rate of H2O2 drops by slightly less than 

what is observed with 2 mM NH2Cl (i.e. 76% versus 86%). The rate of chloramine 

photolysis increases with increasing chloramine concentration while the rate of H2O2 

photolysis drops precipitously at the first introduction of NHCl2. As the concentration of 

NHCl2 increases, more UV light and reactive radicals are absorbed, increasing the direct 
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photolysis rate (Figure S11). Further, the greater radical and photon absorption from 

increased NHCl2 concentrations decreases the photolysis rate of H2O2.  

The relationship between oxidant photolysis and 1,4-D removal in both NH2Cl and NHCl2 

with H2O2 is shown in Figure S12. The negative correlation between NH2Cl and the 1,4-D 

degradation rate constant is significantly stronger than the correlation between NHCl2 and 

the 1,4-D removal rate constant (e.g. R2 = 0.94 vs. 0.45). This is primarily due to NH2Cl 

having a greater reactive radical scavenging than NHCl2. Thus, NHCl2 has a lesser overall 

impact on the performance of UV/H2O2 than NH2Cl. 

Nitrogen products from chloramine photolysis 

The photolysis of chloramines produces inorganic nitrogen breakdown products, including 

nitrate, ammonia, gaseous nitrogen, and organic nitrogen products (Figure 6). Nitrite was 

not detected. Overall, ammonia accounted for 60–75% of the nitrogen products. The 

production of ammonia was likely via the breakdown of NH2
• that was transformed into 

the intermediate N2H4 and then NH3.38 The initial formation of nitrite was possible via 

decomposition of NH2
•; however, the subsequent oxidation of nitrite by chloramine 

generated nitrate.39 The NHCl• radical decayed to produce nitrogen gas and chloride.Error! 

Bookmark not defined. The nitrate production was higher in photolyzed NHCl2 than NH2Cl. 

Furthermore, the presence of H2O2 affected nitrogen product distribution in the NH2Cl 

system more strongly than in the NHCl2 system (Figure 6). More nitrate was produced in 

conditions involving both NH2Cl and H2O2 photolysis due to increased production and 

subsequent oxidation of nitrite by HO•.40 The production of nitrate leads to depressed HO• 

steady-state due to scavenging reactions between NO3
2- and HO•. Additionally, gaseous 



 

 51 

nitrogen production decreased in the presence of H2O2 in UV/NH2Cl but not in UV/NHCl2 

due to HO• being scavenged by NH2Cl, preventing further oxidation of nitrogen products 

to gaseous nitrogen. Finally, less organic nitrogen was produced in the presence of H2O2 

also due to the increased reaction between HO• and available organic nitrogen products 

which directly implies that fewer toxic transformation products are produced. 

Pilot reactor testing of NH2Cl impacts 

The impact of NH2Cl concentrations on the efficiency of H2O2 base removal of 1,4-D was 

tested on the pilot scale at OCWD. Utilizing a plug flow UV reactor, reverse osmosis 

permeate direct from OCWD and careful dosing of NH2Cl and H2O2, the concentrations of 

both H2O2 and NH2Cl were varied from 0 to 7 mg/L and 0 to 4.8 mg/L for NH2Cl and H2O2 

respectively. The pH of the system was observed to be 5.9 on average and 20 µg/L 1,4-D 

was dosed into the reactor to measure treatment capacity. While 0.5-log removal was the 

threshold for 1,4-D removal-based validation for a water reuse treatment train, it was found 

that this threshold could not be reached with 1.5 mg/L H2O2 once the chloramine dose 

exceeded 1 mg/L. Additional H2O2 was found to increase the initial 1,4-D removal in a 

linear fashion, but the response at 2 mg/L NH2Cl was non-linear, with a steep drop off in 

performance due to aforementioned radical scavenging effects and photon scavenging 

effects. These results line up perfectly with the bench scale results and expectations. 

 



 

 52 

Engineering Implications 

Both NH2Cl and NHCl2 were found to contribute to UV/AOP by producing a unique suite 

of reactive radicals (HO• and Cl2
•-) which degraded 1,4-D. The reactive chlorine and amine 

species produced by chloramines could also remove other trace organics which react with 

them. The inclusion of chloramines into UV/H2O2 during water reuse treatment trains can 

compromise the efficiency of 1,4-D removal by H2O2 photolysis, mainly due to radical 

scavenging and light screening effects from chloramines, and NH2Cl exhibited a stronger 

effect than NHCl2. A chloramine effect during UV photolysis of H2O2 was observed in real 

RO permeate. (Text S10, Figure S14) The results suggest that the removal of chloramines 

prior to UV/H2O2 can increase the treatment efficiency of trace organic contaminants, 

especially for those compounds with a strong reactivity towards HO•. In the likely event 

that chloramine removal is unfeasible, the chloramine speciation can be shifted toward 

NHCl2 via acidification, however the potential formation of NDMA needs to be 

controlled. 41  Future work is needed to investigate the photolysis of chloramines and 

hydrogen peroxide in a mixed system with a diverse group of trace organic chemicals and 

the associated RO permeate chemistry effects on the UV/AOP. 
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Scheme 3-1 The photolysis of monochloramine, dichloramine, and hydrogen peroxide in 

a mixed system with respect to 1,4-dioxane removal.  
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Figure 3-1 The degradation of 1,4-dioxane in UV photolysis of chloramine. (A) the 

removal rate constant of 1,4-dioxane vs. the dosage of chloramine. (B) The correlation 

between 1,4-dioxane removal rate constant and chloramine photolysis rates. pH=5.8, 

[1,4-dioxane] = 250 µM, [chloramine] = 0.2-6 mM, [NB]0 = 20 µM, [BA]0 = 10 µM, 

TOTPO4 = 40 mM 
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Figure 3-2 The contributions of reactive radicals to 1,4-dioxane degradation in UV 

photolysis of NH2Cl or NHCl2. Contributions based on steady-state concentrations of 

radicals derived from the competition kinetic method. Error bars relate to radical 

distribution and not to 1,4-dioxane removal rate constant. [1,4-dioxane] = 250 µM, 

pH = 5.8.
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Figure 3-3 The degradation of 1,4-dioxane in a mixed chloramine system, the contribution 

of the primary oxidative radicals and the calculated contribution of the individual 

chloramines. Percentage of NH2Cl refers to the percentage of total chloramine that exists 

as NH2Cl. [Total chloramine] = 2 mM, pH = 5.8, TOTPO4 = 40 mM, 

[1,4-dioxane] = 250 µM, [NB] = 20 µM, [BA] = 10 µM. 
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Figure 3-4 The impact of NH2Cl that co-exists with H2O2 on the degradation of 1,4-

dioxane and oxidant consumption under UV photolysis. (A) 1,4-D degradation rate 

constant; (B) Oxidant photolysis rates. The concentration of H2O2 was fixed at 2 mM in 

the mixture, [1,4-dioxane] = 25 µM, [Cl-] = 2 mM, pH = 5.8.  
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Figure 3-5 The impact of NHCl2 coexistence with H2O2 on the degradation of 

1,4-dioxane and oxidant consumption. Error bars relate to radical contribution and not 

d(A) 1,4-D degradation rate constant; (B) Oxidant photolysis rates. The concentration of 

H2O2 was fixed at 2 mM in the mixture, [1,4-dioxane] = 25 µM, [Cl-]=2 mM, pH = 5.8.   
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Figure 3-6 The nitrogenous products of chloramine photolysis with and without 

hydrogen peroxide. [Chloramine] = 2 mM, [1,4-D] = 250 µM, pH = 5.8. In experiments 

with H2O2, its concentration was 2 mM. Product analysis was based on samples exposed 

to 3450 mJ/cm2 of UV irradiation.   
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Figure 3-7 The relation between NH2Cl concentration and the log removal of 1,4-D at 4 

concentrations of H2O2 in a pilot scale plant at OCWD. pH ≈ 5.9 Total 

UV-dose = 900 mJ/cm2 PFR, 6 GPM 
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Abstract 

Breakpoint chlorination, an important chemical process relevant to chlorine-based 

advanced oxidation processes for potable reuse and traditional water treatment, was 

investigated for its oxidative capacity and generation of reactive species during 1,4-

dioxane removal (1,4-D). This work describes a newly recognized HO• radical generation 

pathway during breakpoint chlorination that may play an important role in water 

treatment and examines the behavior of the HO• radical and other related reactive species 

and their potential formation pathways. Experimental data showed that the removal of 

1,4-D positively correlated with chlorine-to-ammonia molar ratio until a 1.5 to 2.0 molar 

ratio was reached, after which removal efficiency rapidly decreased. Peroxynitrite 

(ONOO–) and peroxynitrous acid (ONOOH) are proposed as important radical sources 

that lead to the formation of HO• in the breakpoint process, which is supported by the 

observation that addition of dissolved CO2 completely suppressed oxidative capacity by 

inhibiting HO• production (as opposed to HO• scavenging). Application of tert-butanol 

and ethanol as selective scavengers also provided evidence that ONOOH and 

intermediate species other than HO• contributed to 1,4-D oxidation. The results of this 

study suggest that breakpoint chlorination can lead to significant degradation of organic 

contaminants via a ONOOH-mediated HO•-formation pathway and may potentially be 

optimized for enhanced removal of recalcitrant organic contaminants in the context of 

water reuse.  
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Introduction 

Free chlorine has long been used as a disinfectant and oxidant in water treatment, both for 

inactivating pathogens and for oxidizing certain contaminants. In recent years, free 

chlorine photolysis has been examined as a promising advanced oxidation process (AOP) 

for removing trace organic contaminants from reverse osmosis (RO) permeate for potable 

reuse, and full-scale implementation is under consideration by many water agencies.1-3 

However, some aspects of chlorine chemistry in recycled water and general treatment 

remain incompletely understood, especially with respect to the effects of nitrogen species 

(e.g., ammonia) in wastewater effluent and potable water supplies. Consequently, the 

addition of free chlorine in such systems needs to overcome the chlorine breakpoint to 

produce a chlorine residual for AOP application or conventional treatment. Despite this, 

the fundamental behavior and identities of some intermediate reactive species generated 

during breakpoint chlorination remain unclear, and questions remain regarding whether 

this unique process can be beneficially harnessed to enhance the degradation of trace 

organic contaminants during potable reuse scenarios, and how it may influence drinking 

water quality in general. Considering the rapidly growing interest in implementation of 

UV/free chlorine in treatment trains and the importance of breakpoint to water treatment, 

it is urgent to investigate the radical chemistry of breakpoint chlorination. 

Breakpoint chlorination refers to the chemical processes occurring when free chlorine is 

applied to ammonia-containing waters. Upon contact with ammonia, free chlorine 

produces a distribution of chloramines, including monochloramine (NH2Cl), 
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dichloramine (NHCl2) and trichloramine (NCl3), depending on molar ratio of free 

chlorine to ammonia and pH (R1 – R3):4 

 𝑁𝐻3 + 𝐻𝑂𝐶𝑙 → 𝑁𝐻2𝐶𝑙 + 𝐻2𝑂 (R1) 

 𝑁𝐻2𝐶𝑙 + 𝐻𝑂𝐶𝑙 → 𝑁𝐻𝐶𝑙2 + 𝐻2𝑂 (R2) 

 𝑁𝐻𝐶𝑙2 + 𝐻𝑂𝐶𝑙 → 𝑁𝐶𝑙3 + 𝐻2𝑂 (R3) 

Theoretical breakpoint occurs at the chlorine-to-ammonia molar ratio of 1.5 at pH 7 when 

other significant chlorine sinks are absent, where ammonia becomes nitrogen gas and the 

total chlorine reaches a minimum, according to the following overall reaction:5 

 2𝑁𝐻3 + 3𝐻𝑂𝐶𝑙 → 𝑁2 + 3𝐻+ + 3𝐶𝑙− + 3𝐻2𝑂 (R4) 

A variety of intermediate species are produced throughout the breakpoint process, some 

of which lead to the formation of radicals and other reactive species before decaying into 

inorganic nitrogen including nitrate and nitrogen gas.6,7 Prior studies have examined the 

role of breakpoint in disinfection byproduct (DBP) formation when organic precursors 

are present, including the formation of toxic nitrosamines and other DBPs.8-10 

Peroxynitrite (ONOO-) and peroxynitrous acid (ONOOH) are reported to form during 

breakpoint chlorination. They in turn decay into reactive nitrogen species, NO• and 

NO2
•– ,which have been implicated in the generation of nitrogenous DBPs.11 

In contrast to the findings that breakpoint chlorination can contribute to DBP formation 

in organics-laden water, when breakpoint takes place with trace levels of organic 

contaminants, the generation of oxidative radicals via intermediate species could be 
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beneficial by oxidizing organic contaminants. This concept could have major impacts on 

the understanding of chlorine based AOPs, but little is known about the oxidative 

capacity of breakpoint chlorination. Hydroxyl radical (HO•) was postulated to be 

involved in the degradation of carbamazepine during breakpoint chlorination.12  

However, questions remain as to the pathway of HO• generation, the nature of other 

short-lived reactive species, and the possibility of exploiting breakpoint chlorination 

chemistry for rapid removal of organic contaminants. 

1,4-Dioxane (1,4-D), an organic contaminant resistant to other conventional 

physical/chemical treatment, is ubiquitous in potable reuse scenarios. It has served as a 

benchmark in AOP applications, where 0.5-log-removal of 1,4-D is required to validate 

AOP water reuse applications in California.13 A better understanding of 1,4-D oxidation 

during breakpoint chlorination could facilitate the optimization of chlorine-based AOPs 

for potable reuse and help elucidate the oxidative capacity of breakpoint chlorination. 

The objectives of this study were to examine the oxidative capacity of the breakpoint 

chlorination process with respect to 1,4-D degradation under water quality conditions 

relevant to water treatment, elucidate the pathway(s) of HO• generation, and examine the 

nature of other radical or reactive species. 

Methods and Materials 

All chemicals used were ACS Reagent grade or better and purchased from Acros 

Organics or Fisher Scientific. Deionized water (MilliQ system, resistivity  18.1 MΩ-cm) 

was used to prepare all solutions. All experiments were performed in duplicate or more. 

A 2.0 mM total ammonia solution was prepared using ammonium sulfate, buffered at pH 
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7 with 40 mM phosphate, and transferred to a 50-mL reactor for experiments in ambient 

air, followed by the addition of 250 µM 1,4-D. The presence of phosphate buffer had a 

negligible effect on radical scavenging.14 To start an experiment, 0.15 – 6.0 mM of free 

chlorine was rapidly injected into the reactor under constant agitation. Before and at 5 

minutes after free chlorine addition, 2 mL of sample was withdrawn from the reactor for 

free and/or total chlorine and 1,4-D analysis. Radical scavenger tests involving tert-

butanol were performed at free chlorine-to-ammonia (Cl2-to-NH3) molar ratios ranging 

from 0.25 to 3, and additional scavenger tests involving ethanol were performed at a Cl2-

to-NH3 molar ratio of 1.5. 

To elucidate the HO• formation mechanism, a 50-mL glass vessel with a ground glass 

stopper was used to prevent air-water exchange and evaluate the effects of dissolved 

carbon dioxide and bicarbonate on the behavior of the HO• precursor, ONOOH/ONOO-. 

For bicarbonate experiments, the ammonia solution was prepared at 2.0 mM, buffered 

with phosphate to pH 7, and dosed with 1 –100 mM of NaHCO3. The same solution was 

prepared without phosphate buffer and titrated to pH 4 with HClO4, facilitating the 

conversion of bicarbonate to dissolved CO2. Control experiments without bicarbonate 

were conducted at pH 7 and pH 4 to evaluate the effects of pH shift on breakpoint 

oxidation. After preparation of the solutions containing bicarbonate or CO2, 3 mM of free 

chlorine was added to the solutions; then samples were taken after 5 minutes and 

quenched with sodium thiosulfate before analysis. 
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Free chlorine and chloramine concentrations were quantified by standard DPD 

colorimetry method using a Hach DR 4000 spectrometer.15 1,4-D was determined using 

an HPLC-UV system (Agilent 1200 series) as described in a prior study.16 

Results and Discussion 

Effects of chlorine-to-ammonia molar ratio on 1,4-D removal 

The oxidative capacity of the breakpoint chlorination reaction was examined as a 

function of the Cl2-to-NH3 molar ratio. When the molar ratio was less than 0.75, the 

percentage of 1,4-D removal was negligible. The removal reached a maximum at a molar 

ratio of 1.5 and declined above a 2.0 molar ratio (Figure 1). The removal of 1,4-D had a 

negative correlation to total chlorine residual. The highest 1,4-D removal was observed at 

a 1.5 molar ratio where the lowest total chlorine was detected (Figure S1). Further, the 

removal of 1,4-D was rapid, occurring within the first minute of reaction, after which the 

system stabilized (Figure S2). 

From a 0.15 to 1.5 Cl2-to-NH3 molar ratio, the reaction of ammonia with free chlorine 

generates mono-, di-, and trichloramine (R1 – R3 in Scheme 1; all subsequent reactions 

refer to Scheme 1), and is proposed to generate ONOO- via a hydroxylamine (NH2OH)-

initiated pathway (R4 – R8). Protonation of ONOO- yields ONOOH (R8), which can then 

decay directly to HO• and nitrogen dioxide radical (•NO2; R9).17 This process leads to the 

oxidation of 1,4-D by HO• (R10) with the possibility of oxidation by ONOOH (R11).18  

The proposed pathway leading to HO• formation is likely initiated by the hydrolysis of 

monochloramine and dichloramine into NH2OH, with hydrolytic decay of dichloramine 
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occurring much faster than for monochloramine at the pH examined.19,20 NH2OH is then 

oxidized by NH2Cl and HOCl to form nitroxyl (NOH) at rate constants of 1.8 × 102 and 

1.35 × 107 M-1s-1, respectively (R6).21,22 NOH deprotonates to NO- (R7), which reacts 

rapidly (2.7 × 109 M-1s-1) with oxygen to generate ONOO- (R8).23 ONOO- can be 

protonated to form ONOOH (R9) with a pKa of 6.6 or decompose into NO3
-
 (9.6 × 10-6

 s-

1). ONOOH decomposes into HO• and NO2
• (R9) with a rate constant of 3.5 × 10-1 s-1, or 

NO3
– and H+ (9.0 × 10-1 s-1).17,24  

As the Cl2-to-NH3 molar ratio increases beyond 2.0, additional reactions become 

significant. The reaction of NH2Cl with HOCl produces NHCl2 (R2) and NCl3 (R3). 

Increased chloramine concentrations disrupt the oxidative pathway by competing for 

NOH and reacting directly with HO•. This leads to a reduced yield of oxidative 

intermediates. 

Generation of radicals and/or other reactive species 

To elucidate contributions of radicals and/or other reactive species to 1,4-D removal, 

selective scavenging was employed to suppress contributors to 1,4-D degradation. tert-

Butanol (TBA) was chosen as a HO• scavenger due to its high rate constant with HO• 

(6.0 × 108 M-1s-1).25 In the presence of 100 mM TBA, 1,4-D removal was significantly 

suppressed, especially between Cl2-to-NH3 molar ratios of 1.5 and 2.0, where the 

suppression was approximately 60% (Figure 1). However, there was still substantial 

removal of 1,4-D in the presence of TBA. To investigate this, 1,4-D losses were also 

measured in solutions amended with ethanol (EtOH), which scavenges HO• and 

sequesters ONOOH/ONOO–.26 The contribution of ONOOH/ONOO- to the degradation 
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of 1,4-D was calculated as the difference between the TBA and EtOH scavenging (Text 

S1). Results showed that HO• contributed ~60% to 1,4-D removal, and ONOOH/ONOO- 

contributed ~30% (Figure 1). The remaining 10% was attributed to other oxidants 

including nitrogen radicals (e.g. NO• and NO2
•). 

The involvement of ONOOH/ONOO- in HO• formation during breakpoint chlorination 

(R4 – R9) has significant implications for contaminant degradation in water 

treatment.27,28 However, this HO• pathway has not been explicitly demonstrated in 

literature in the context of breakpoint chlorination. To investigate the HO• formation 

mechanism, additional experiments involving ONOO- scavenging by dissolved CO2 were 

conducted. ONOO- was previously reported to react with dissolved CO2 to form 

ONOOCO2
-
 (R14), with a rate constant of 2.9 × 104 M-1s-1.17 ONOOCO2

- can then decay 

into carbonate radical (CO3
•–) and NO2

•, or CO2 and NO3
–.29 Results showed that the 

addition of 1 mM CO2 lowered the overall removal of 1,4-D by 40%1 via ONOO– 

sequestration while the same concentration of HCO3 lowered the removal by less than 

2% (Figure 4-2). Increasing dissolved CO2 from 1 to 5 mM resulted in a 70%1 decrease 

in 1,4-D removal, while addition of 10 mM CO2 resulted in complete suppression of 1,4-

D removal. In contrast, the addition of HCO3
- concentrations up to 100 mM resulted in an 

80% decrease in 1,4-D removal (Figure 2).  

 

1 P-value <0.005 based on triplicate data and single factor ANOVA 
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ONOO- is in equilibrium with ONOOH (R9), which decays directly into HO• and NO2
• 

(R10). At pH 7, HCO3
– in the system reacts with HO• with a rate constant of 8.5 × 106 M-

1s-1 to produce CO3
•–, a non-reactive radical in this context based on its low reactivity 

with other similar compounds.30,31 At pH 4, CO2 in the system reacts with ONOO– (R14), 

precluding HO• formation. As HCO3
– concentration increases, the branching ratio 

between R11 and R15 shifts towards R15, generating CO3
•–. As CO2 concentration 

increases, the branching ratio between R9 and R14 shifts towards R14 (Figure S4A). 

Consequently, the decrease in pH from 7 to 4 also lowers 1,4-D removal in the absence of 

carbonate species (Figure S4B). The pH impact may be due to a reduction of NHCl2 

hydrolysis at lower pH, consistent with the proposed role of NHCl2 hydrolysis in 

breakpoint-based oxidation. Taken together, these data indicate that the formation of HO• 

via ONOOH is a primary driver of 1,4-D. 

Engineering Implications 

This study advances the understanding of breakpoint chlorination processes by 

elucidating likely pathways for the generation of HO• and reactive nitrogen species and 

evaluating their direct contributions to the degradation of an important trace organic 

contaminant. Significant HO• exposures (>10-11 M within 1 minute, Figure 3) were 

observed without the introduction of UV light, placing breakpoint chlorination on par 

with many UV-AOPs as an oxidative process that operates with a relatively short reaction 

time. The identification of ONOOH/ONOO- as a likely driver of the breakpoint system 

warrants future work in exploring this process and its complex role in water treatment. 

The generation of HO• during breakpoint chlorination may also lead to the formation of 
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unexpected DBPs, as organics may be hydroxylated or fragmented via HO• oxidation and 

then chlorinated.32-34 Further, the presence of reactive nitrogen species may lead to 

nitrogenous DBPs, which may complicate DBP risk models in drinking water 

treatment.11 Additionally, these findings suggest probable avenues for further 

enhancement of organic contaminant degradation during the breakpoint chlorination 

process. ONOO– has high molar absorption coefficients of 550 M-1cm-1 and 

1700 M-1cm-1 at 254 nm and 302 nm, respectively, and may photolyze to generate 

reactive oxygen and nitrogen species.35-37 These high molar absorption coefficients, 

coupled with the photolysis of chloramines and free chlorine, imply that the simultaneous 

photolysis of a solution undergoing breakpoint chlorination may enable more effective 

oxidation than breakpoint chlorination alone, which could have important implications 

for the use of chlorine based AOPs in potable reuse and other contexts in which ammonia 

might be present. These findings highlight newly recognized aspects of breakpoint 

chlorination chemistry that are important with regard to existing treatment methods, and 

that may also be exploited for existing and new AOPs; potentially enhancing the 

efficiency of water reuse treatment processes. 
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Figures 

 

Scheme 4-1 Reaction scheme for the breakpoint chlorination system, with proposed 

pathways and species involved in the oxidation of 1,4-D highlighted in Red text. 
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Figure 4-1 The removal of 1,4-D during breakpoint chlorination at pH 7. The colored 

stacked bar depicts example contributions of HO•, ONOOH, and other reactive species to 

1,4-D removal for the designated data point (details on calculations of contributions in SI 

Text S1). [NH3]0 = 2 mM, [1,4-D]0 = 250 µM; [TOTPO4] = 40 mM. Reaction time = 5 

minutes. 
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Figure 4-2 The impact of increasing concentrations of HCO3
- or dissolved CO2 on 1,4-D 

removal efficiency. HCO3
- data was obtained at pH 7, and CO2 data at pH 4. Normalized 

removal efficiencies are the removals of 1,4-D normalized to removals observed for 

either [HCO3
–] = 0 mM (red symbols) or [CO2] = 0 mM (green symbols) at the respective 

reaction pH, to enable comparison of the two datasets independent of the impact of pH 

(see Figure S4B for data without normalization). pH 7 was maintained by 40 mM 

phosphate buffer, whereas pH 4 was achieved with HClO4 titration prior to experiments. 

[1,4-D]0 = 250 µM, [NH3]0 = 2 mM, [HOCl]0 = 3 mM. Reaction time = 5 minutes. 
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Figure 4-3 Cumulative HO• exposures calculated based on tert-butanol experiments. 

[NH3]0 = 2 mM, [1,4-D]0 = 250 µM; [TOTPO4] = 40 mM. Reaction time = 5 minutes. 

Details of the calculations are available in SI Text S1.  
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Chapter 5  
UV Augmented Breakpoint Chlorination based 

Removal of 1,4-dioxane 

  



 

87 
 

Abstract 

The chlorination of ammonia containing water has been previously demonstrated to have 

oxidative capacity in the form of producing significant steady-states of oxidative radical 

species which were demonstrated to degrade organic contaminants. Within this study, 

chloramination based oxidation was augmented via the addition of simultaneous 

ultraviolet (UV) light irradiation during free chlorine addition in a process called 

UV/Breakpoint. The system was investigated using a bench-top UV reactor, and 1,4-

dioxane (1,4-D), a benchmark contaminant, and competition kinetics obtained via radical 

scavengers. Results showed a highly rapid oxidation phase within a 100 mJ/cm2 UV 

dose, removing approximately 30% of 1,4-D. After 1000 mJ/cm2 dose, removal increased 

to 55%. Within the first 100 mJ/cm2 dose, HO• was found to be the primary radical 

responsible for 1,4-D degradation, contributing 75% on average, while providing only 

50% of removal up to 1000 mJ/cm2. This treatment process was found to be both 

mediated by the photolysis of chloramines as well as the photolysis of an intermediate 

species formed during the breakpoint process. Data from this study can lead to the 

application of a novel treatment process for highly efficient and rapid organic 

contaminant removal in existing water reuse treatment trains. 
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Introduction 

Direct potable reuse of water has been a significant focus in the realm of water treatment 

technologies. However even indirect potable reuse requires extensive, advanced 

treatment processes which include membrane-based filtration and some form of organic 

contaminant removal, often via advanced oxidation processes.1 Free chlorine has seen 

recent attention as an oxidant for use in UV-based advanced oxidation processes 

(UV/AOPs). 2-4 Free chlorine can be photolyzed to directly generate hydroxyl radical 

(HO• ) and chlorine atom (Cl•) both of which can react with trace organic contaminants. 

However, reclaimed wastewater frequently has a significant concentration of ammonia. 

Ammonia reacts directly with free chlorine upon contact to form a series of mono-, di- 

and tri-chloramines which can then be oxidized into nitrogen gas and nitrate.5 After 

ammonia has been consumed via this process (referred to as breakpoint chlorination), a 

free chlorine residual can be achieved. However, breakpoint chlorination is not a simple 

stepwise reaction series, it is a complex mechanism which involves multiple reactive 

nitrogen intermediates and oxidative species, including radical species. 

The initial reaction between free chlorine and ammonia generates monochloramine 

(NH2Cl), which reacts with free chlorine or itself to generate dichloramine (NHCl2) 

dependent on the pH of the system. NHCl2 can then react with free chlorine to form 

trichloramine, which typically degrades into nitrates and nitrogen gas. However, the 

intermediate reactions are complex, involving the formation of hydroxylamine (NH2OH), 

nitroxyl (NOH), and peroxynitrite (ONOO-), as well as other reactive nitrogen species 

such as nitric oxide (NO•) and nitrogen dioxide (NO2
•) radicals.6 This breakpoint 
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chlorination process has been studied for its capability to generate HO•
, which is key in 

removing organics and its capacity to oxidize 1,4-dioxane and carbamazepine through the 

formation of reactive nitrogen species(RNS).7,8 UV/free chlorine treatment has been 

typically studied for its capability to oxidize organic contaminants, the mechanisms by 

which it produces radicals, and the reactivity of the radicals it produces in their regards to 

oxidizing trace organic contaminants. 9-11 However, in the use of free chlorine as a 

UV/AOP oxidant in potable reuse scenarios, a series of parallel processes are occurring. 

First, the photolysis of free chlorine occurs, where free chlorine is photolyzed into HO• 

and Cl•. Second, the breakpoint reaction series takes place, where free chlorine is reacting 

with ammonia to generate chloramines. Finally, the resulting chloramines undergo 

photolysis, generating a suite of reactive nitrogen species and Cl•.12  The objectives of the 

current study were to investigate the simultaneous photolysis of free chlorine and 

breakpoint chlorination, determine how this combined process effected the kinetics of 

1,4-D removal and the mechanisms of UV irradiation-based enhancement. 

Materials and Methods 

All reagents were ACS grade or equivalent and purchased from Fisher or Arcos organics. 

Solutions were prepared with deionized water (DI) from an on-site Millipore system 

(18.3 MΩ•cm). The concentration of free chlorine and chloramines were determined 

using standard DPD method.13 Nitrobenzene was used a probe for HO• steady states and 

1,4-D was used to calculate RCS steady-states via competition kinetic method (SI Text 

S1). All experiments were buffered to pH 7 using 40 mM phosphate buffer. 
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To perform an experiment, solutions of 2 mM ammonia, 40 mM phosphate buffer and 

organics (250 µM 1,4-dioxane and 25 µM nitrobenzene) were mixed in DI water and 

added to a 50 mL reaction dish. A UV-lamp was mounted 5 inches above this dish and 

the reaction mixture was rapidly stirred. While rapidly mixed and under UV irradiation, 

free chlorine (0.3 ~ 6 mM) was added to the reactor. Samples were taken prior to free 

chlorine addition and at 1, 5, 10 and 15 minutes after HOCl addition and UV irradiation 

and tested for organic contaminant concentrations via HPLC-UV (Text S2). 

Results and Discussion 

UV/Breakpoint Kinetics 

UV/Breakpoint chlorination was first studied with a focus on the impact of chlorine to 

ammonia molar ratio on 1,4-D removal and the time-profile of said removal. Initially, 

four molar ratios were chosen: 3.0, 1.5, 1.0, and 0.5 Cl2:NH3, each being a major point of 

inflection on the breakpoint curve itself. In Figure 5-1, the natural log-C time profile of 

1,4-D degradation in the UV/Breakpoint system is shown. For all conditions, the first 60 

seconds of reaction shows a precipitous (20~70% of total removal) drop in 1,4-D 

concentration, which is analogous to the drop seen with breakpoint without UV. After the 

first 60 seconds, the system follows pseudo first order kinetics as shown in Figure 5-1. 

The first 60 seconds of reaction will be referred to as Phase 1 and the proceeding reaction 

referred to as Phase 2. Within Phase 1, breakpoint chlorination is occurring where free 

chlorine reacts with ammonia and the proceeding chain reactions occur based on molar 

ratio. The outcome of breakpoint changes as the molar ratio between free chlorine and 

ammonia increases, at Cl2-to-NH3 molar ratios of 1.0 and below, NH2Cl becomes the 
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major product, at the ratio of 1.5, the majority of total chlorine is consumed and at the 

ratio of 3.0, free chlorine is the major product. Based on this, it can be assumed that the 

kinetics of phase 2 are primarily due to the photolysis of free chlorine and chloramines. 

Photolysis of chlorine and chloramines generates different products depending on the 

species; however, all chloramines and free chlorine generate Cl• as a first step which 

additionally forms Cl2
•- upon reaction with residual chloride and HO• upon hydrolysis. 

During phase 2, HO• and Cl2
•-

 oxidize 1,4-D. The kinetics of phase 1 are primarily 

attributable to the oxidative capacity of the breakpoint chlorination reaction covered in 

Chapter 4. 

 

Figure 5-2 features the extent of 1,4-D removal after the dark breakpoint reaction, after 

simultaneous breakpoint and 100 mJ/cm2 UV dose (60 seconds), and after simultaneous 

breakpoint and a 1000 mJ/cm2 UV dose (10 minutes). The dark breakpoint degrades 5 ~ 

25% of 1,4-D without additional energy. At all ratios except 2.0 and 3.0, UV exposure 

enhances this removal by 26 to 60% after 1000 mJ/cm2 UV dose. This enhancement is 

maximized at 0.5 molar ratio, increasing observed removal by 2.3 times, from 6% total 

removal to 14% within 60 total seconds of reaction time. The phase 1 removal maximizes 

to 30% at 1.5 molar ratio, an increase of 29% over the dark reaction, after which it 

declines. The molar ratios of 2.0 and 3.0 do not benefit from phase 1, as removal of 1,4-D 

decreased by roughly 30% for both 2.0 and 3.0 ratio when the breakpoint process was 

exposed to UV. Phase 2, 1000 mJ/cm2 UV-dose, increased 1,4-D removal, to a maximum 

of 50% from 1.0 to 2.0 molar ratio.    
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Several reactions occur in parallel during the initial contact between ammonia and free 

chlorine. First, there is the breakpoint chlorination reaction, where free chlorine and 

ammonia react to generate NH2Cl and the reaction of the formed NH2Cl with free 

chlorine to form NHCl2. This reaction alone leads to oxidative products such as ONOOH 

and HO• which can oxidize 1,4-D outright. Further reactions in the breakpoint series 

involve competition with this oxidative pathway, where greater molar ratios (HOCl vs 

NH3) cause less oxidation of 1,4-D leading to an optimum point for dark oxidation. The 

addition of UV greatly enhances the oxidation of 1,4-D dependent on both molar ratio 

and UV-dose. The removal of 1,4-D seen after 1000 mJ/cm2 implies the relatively 

straight forward photolysis of HOCl, NH2Cl and NHCl2 as they are generated, however 

the enhancement of 1,4-D removal observed in the first 100 mJ/cm2 of removal imply the 

existence of additional photolyzable species in solution. 

Mechanisms of Radical Generation 

The breakpoint UV system yields different radical species distributions dependent on the 

phase of the reaction. As shown in Figure 5-3, within phase 1 or the first 100 mJ/cm2 

seconds of reaction, 75% of 1,4-D removal is due to HO•. In phase 2, this ratio shifts 

down to 50% where the remainder of the removal is due to reactive chlorine species, 

namely chlorine dimer (Cl2
•-). Within both phases there are trends in HO• production as 

well. In phase 1, the rate of 1,4-D removal increases at the 1.5 molar ratio where the 

maximum HO• steady-state is 1.5 × 10-12 M HO•. After this maximum, the overall rate of 

1,4-D removal and the HO• within the first phase reduces by half. In the second phase, a 
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different trend emerges where the removal rate has a binomial distribution. The first peak 

is at 1.0 molar ratio, where 55% of 1,4-D removal rate is due to Cl2
•-. The second peak of 

1,4-D removal occurs at the 2.0 molar ratio, which is equal to the first peak in magnitude. 

Between the two peaks is the lowest possible 1,4-D removal rate observed at the 1.5 

molar ratio which was 65% lower than the maximum removal. Accordingly, this is also 

where a third of the contribution to 1,4-D removal was HO•. 

 

These phases in radical production and thus 1,4-D removal are due to the dark breakpoint 

reactions and additional photolysis reactions which occur. Upon contact with ammonia 

containing water, free chlorine oxidizes ammonia into NH2Cl (R1). NH2Cl is hydrolyzed 

into NH2OH (R2) which can then be oxidized into nitroxyl (NOH) (R3) by HOCl and 

NH2Cl in the system. NOH reacts with dissolved oxygen in a chain reaction to form 

peroxynitrite (ONOO-) (R4). Lastly ONOO- is protonated into peroxynitrous acid 

(ONOOH) (R5) which can decay into HO• or NO3
- (R6). The HO• then reacts with 1,4-D, 

oxidizing it into various by product species (R7).14 This explains the first phase in terms 

of the dark reaction. However, as the  molar ratio increases there is a trend of increasing 

and decreasing 1,4-D removal, corresponding with increasing and decreasing HO• 

generation and total radical generation as shown in Figure 5-3A. Previous research has 

detailed that side chain reactions, such as oxidant scavenging of the NOH intermediate 

(R8), NOH scavenging of the NH2OH intermediate (R9) or scavenging of HO• by 

NH2OH (R10) are responsible for the rising and falling trend. The enhancement by UV-

light observed during UV augmented breakpoint is orders of magnitude faster than what 



 

94 
 

is observed by the photolysis of chloramines which occurs in the second phase (Figure 

2Error! Reference source not found.). This enhanced removal requires the introduction 

of additional photolyzable species other than chloramines which can generate additional 

HO• either directly or through chain reaction. The peroxy species, ONOO- and ONOOH 

serve as the most likely candidates for this intermediate oxidant as ONOO- has 

significantly high molar absorbance coefficient at 254 nm (550 M-1cm-1) and 302 nm 

(1700 M-1cm-1).15,16 ONOO- in particular was shown to photolyze into O2
•- which may 

undergo chain reactions to generate additional HO• or potentially oxidize 1,4-D directly. 

However, the photolysis pathway of ONOO- and the results observed lead to the 

conclusion that ONOOH is the photolyzing target, directly generating HO• upon breaking 

the peroxyl bond(R11). 

In the second phase of reaction, UV breakpoint has far more in common with the 

UV/Chloramine and UV/Free Chlorine processes, where formed chloramines are 

photolyzed to produce RCS and reactive nitrogen species (RNS). Chloramines have been 

previously shown to photolyze into Cl• which can break down 1,4-D directly or convert 

to HO• via hydrolysis reaction(R7, R12-16).17-19 The second phase is still faster than what 

would be observed by the photolysis of monochloramine alone as shown in Figure D-

3Error! Reference source not found.. This likely due to the breakpoint process 

generating additional photolyzable species on top of NH2Cl at molar ratios which are 

typically dominated by NH2Cl. These additional species would exhibit a longer half-life 

due to the pseudo first order nature of 1,4-D removal in the second phase. 
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The second phase follows a different trend from the first phase, where the rate of 1,4-D 

removal reaches a minimum at 1.5 molar ratio and then increases, yielding two optimum 

molar ratios, 1.0 and 2.0. This is strictly due to the concentrations of oxidants (HOCl, 

NH2Cl, and NHCl2 primarily) which exist after the breakpoint process has completed. At 

the molar ratio of 1.5, the lowest concentration of oxidant remains (less than 5% of the 

initial oxidant concentration). At ratios preceding 1.5, NH2Cl is the dominant species 

while HOCl is the dominant species after 1.5 molar ratio. While NH2Cl photolyzes into 

Cl• and NH2
• (R12), HOCl photolyzes directly into HO• and Cl• (R17). This direct 

formation of HO• allows for the lower concentrations of HOCl to be effective at 1,4-D 

removal. It should be noted the oxidants in the system are significant scavengers for 1,4-

D. Such that the chloramines and HOCl are primarily limited by their own reaction with 

HO•
 (R18-20). 

Engineering Implications 

The breakpoint process has been demonstrated by previous studies to have oxidative 

capacity regarding organic contaminant removal in a radical based process. The addition 

of UV light during this breakpoint process has been demonstrated by this study to 

enhance the removal within a short timeframe 1.8 times over removal via UV/NH2Cl 

photolysis alone. However, a weakness remains in that the rapid removal period, only 

lasts for the time in which breakpoint occurs and decelerates after the initial 60 second 

breakpoint phase. This implies that the intermediates required for UV enhanced 

breakpoint removal are short lived. Thus, if more energy were applied during the first 

phase of breakpoint UV (e.g.1000 mJ/cm2 UV dose) within a shorter time frame, a major 
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enhancement in removal may be observed. Likewise, this process appears to be an 

enhancement over a standard AOP, combining unconventional AOP with UV/AOP. The 

mechanisms and impacts highlighted in this study could be exploited to establish a novel 

AOP, which would increase the efficiency of the general water treatment process and 

expand existing water supplies. 

Supporting Information 

Supporting information which includes figures and text is available in Appendix D. 
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Figures 

 

Scheme 5-1 The Overall scheme of breakpoint UV at pH 7. Reactions which involve UV 

light are shaded in purple 
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Figure 5-1 The time profile of 1,4-D degradation in a UV breakpoint chlorination 

system. pH 7 set with 40 mM TOTPO4, 2 mM NH3, 6.0, 3.0, 2.0, and 0.5 mM of free 

chlorine. 1,4-D = 250 µM and Nitrobenzene = 25 µM. 
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Figure 5-2 The impact of free chlorine to ammonia molar ratio and irradiation time on 

the removal of 1,4-D. 0, mJ/cm2 refers to the breakpoint without UV irradiation. 100 

mJ/cm2 and 1000 mJ/cm2
 refer to 1 minute and 10 minutes of UV irradiation and 

simultaneous breakpoint, respectively. NH3 = 2 mM, 1,4-dioxane = 250 µM, 

Free Chlorine = 0.5 mM ~ 6.0 mM, TOTPO4 = 40 mM, pH 7. 
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Figure 5-3 The competition kinetic based radical contribution calculated and the percent 

removal for A) the first 100 mJ/cm2 or 60 seconds of reaction and B) the remaining 900 

mJ/cm2 or 9 minutes of reaction. NH3 = 2 mM, 1,4-dioxane = 250 µM, 

Free Chlorine = 0.5 mM ~ 6.0 mM, TOTPO4 = 40 mM 
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Chapter 6  
Conclusions 

  



 

105 
 

The goals of this project were to investigate chloramine chemistry as it pertains to water 

reuse scenarios. This thesis was aimed at elucidating how the photochemistry of 

chloramines could be exploited, as oxidants in UV/AOPs. Second, this study aimed to 

discover the radical mechanisms which occur during chloramine based AOPs while 

measuring the efficacy by which UV/Chloramine could remove an organic contaminant 

(Chapter 2). Third, this thesis explored how chloramines interacted with other oxidants in 

applied scenarios (Chapter 3). Fourth, this project sought to understand the oxidative 

nature of breakpoint chemistry by elucidating the key pathways by which HO• forms 

(Chapter 4). Lastly, this project uncovered a novel UV/AOP by exploiting what was 

discovered about chloramine photochemistry and breakpoint to combine the two into a 

new process (Chapter 5). 

Conclusions of Chapter 2 

In Chapter 2, investigations into the photochemistry of monochloramine were conducted. 

This investigated centered around our assumptions about the nature of the amino radical 

(NH2
•) being active and the idea that NH2Cl could function as an oxidant in an AOP. The 

key findings from that chapter were as follows. First, it was found that monochloramine 

in a UV/AOP could oxidize 1,4-dioxane at an appreciable rate. After photolysis, NH2Cl 

generated reactive radical species which could oxidize 1,4-D with rate constants nearing 

2.8 × 10-4 mJ-1cm2. Second, it was discovered that the relationship between organic 

contaminant removal and NH2Cl concentration followed a parabolic trend, meaning that 

there was an optimal concentration for maximum efficiency. This maximum 

concentration was primarily based on the ratio between oxidant, NH2Cl and contaminant, 
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1,4-D. As oxidant concentrations increased, there came a tipping point where the reactive 

species produced by NH2Cl photolysis began to react with the NH2Cl present in the 

system rather than the 1,4-D, leading to slower 1,4-D removal. For a system with 250 µM 

1,4-D, this tipping point occurred at 2 mM NH2Cl. Third, it was shown that HO• was one 

of the primary end products of NH2Cl photolysis, which also produced Cl• and Cl2
•-. 

There was a distribution between HO• and Cl2
•- where an average of 75% percent of 

1,4-D removal was due to HO• and the rest due to Cl2
•-. And lastly it was found that the 

NH2
• radical which was produced during NH2Cl photolysis exhibited no activity with 

1,4-D. Experiments were conducted to generate NH2
• at the expense of HO• and the 

generation of NH2
•
 coincided with the decline in 1,4-D removal rate constant. 

NH2Cl as a compound was simple but Chapter 2 demonstrated just how complex it could 

become when one attempted to exploit NH2Cl photolysis for AOPs. While NH2Cl had 

potential as an oxidant in a UV/AOP, its efficiency was shown to become non-linear 

faster than other oxidants, data which could assist in building more efficient water 

treatment systems.  

Conclusions of Chapter 3 

An advanced water treatment system we were familiar with, the system at Orange County 

Water District, identified a problem. It was observed that the concentration of 

chloramines seemed to correlate negatively with 1,4-D removal. This chapter explored 

the conditions of their treatment plant and the interactions between oxidants which were 

occurring. In OCWD, monochloramine (NH2Cl), dichloramine (NHCl2) and hydrogen 

peroxide (H2O2) co-existed with H2O2 being the primary oxidant due to its direct 
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production of HO•. The key findings of this chapter revolved around how NH2Cl and 

NHCl2 could impact H2O2 efficiency. First, NH2Cl and NHCl2 were compared as 

different photo oxidants in terms of 1,4-D removal. Then, the two were mixed to see how 

they performed in a simple mixed chloramine system. Lastly, the chloramines were 

mixed with H2O2 itself in both bench scale and pilot scale scenarios. 

The conclusions of this chapter were as follows: NH2Cl was more efficient in terms of 

1,4-D removal due to increased production of HO•, while NHCl2 was observed to 

produce a higher proportion of Cl2
•- which was worse at degrading 1,4-D. However, 

NH2Cl and NHCl2 shared the same maximum removal rate constant. Mixing NH2Cl and 

NHCl2 showed a linear relationship between 1,4-D removal rate constant and the 

proportion of NH2Cl. However, mixing NH2Cl with H2O2 showed a decreasing trend. 

Meanwhile, NHCl2 mixed with H2O2 showed a less severe decline in 1,4-D removal, 

owing to the lower molar absorbance at 254 nm as well as the lower reaction rate 

constant with HO•. In a pilot scale scenario, the addition of NH2Cl was likewise observed 

to decrease overall 1,4-D removal, with higher initial H2O2 concentrations having 

minimal effect on mitigating this decrease. 

The data from Chapter 3 was primarily produced for OCWD and will help them optimize 

their water reuse treatment system, while also assisting other engineers in designing 

better UV/AOP systems. Being able to adjust for the relationship between chloramine 

concentrations and H2O2 performance allows for more flexible reactor design. 
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Conclusions of Chapter 4 

Breakpoint chlorination was determined in other research to have oxidative capacity, so 

this chapter set out to explore that oxidative capacity and the precise mechanisms behind 

it. Using breakpoint to degrade 1,4-D and probe methods to determine the source of 

oxidative radicals, this chapter demonstrated that the efficiency of breakpoint-based 

oxidation was determined chiefly by the ratio between free chlorine (HOCl) and 

ammonia (NH3). 

The findings of this research were that the ratio of HOCl and NH3 determined not only 

the magnitude of 1,4-D removal but also the radical distribution, where 1.5 molar ratio 

was shown to have the greatest yield of HO• but also other oxidative species. This 

research also determined that a nitrogenous intermediate species, peroxynitrous 

acid (ONOOH) was also oxidative in the context of 1,4-D removal. It was observed that 

ONOOH accounted for 30% of 1,4-D removal based on sequential quenching of radical 

activity. Studies were likewise performed with dissolved CO2 to quench ONOOH 

activity, simultaneously eliminating HO• activity. This indicated that ONOOH was the 

primary source for HO• in the breakpoint system. 

These findings and the findings of previous chapters were carried into Chapter 5, where 

they led to the development of a new AOP based around breakpoint chlorination and UV 

irradiation.  
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Conclusions of Chapter 5 

Previously, it was found that chloramines photolyzed and could oxidize 1,4-D. The 

photolysis of HOCl was also well known at the time. Breakpoint was shown to have 

oxidative capacity and with the results of the previous chapter, the mechanisms behind 

this were known. With that in mind, a new AOP was developed, combining breakpoint 

chlorination and the photolysis of chloramines in a parallel process. While HOCl and 

NH3 reacted, UV light was brought into the system, a new process called UV/Breakpoint. 

It was demonstrated that UV/Breakpoint not only expedites the removal of 1,4-D by up to 

50% within the first minute of contact, but also that this enhancement lasts to a lesser 

extent after the contact phase. The system removed at most 50% of 1,4-D with 

1000 mJ/cm2 UV-dose, achieving double the rate constant for an equivalent concentration 

of NH2Cl. Further, it was observed that there was an enhancement of HO• contribution to 

1,4-D removal with the addition of UV light, suggesting the activation of a photolyzable 

intermediate into HO•. The pace of oxidation and the kinetics of UV/Breakpoint after the 

first minute of reaction indicated that the intermediate was likely the same source of HO• 

as before, ONOOH. It was previously detected that ONOOH had absorbance and that the 

deprotonated form (ONOO- ) could be photolyzed into its components, so it was proposed 

that the same was happening to ONOOH. 

With these results a new AOP has been proposed and demonstrated to work with greater 

performance than UV/Chloramine, however more work is left to be done before it can 

possibly be deployed. 
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Future Work and Broader Implications 

Regarding UV/Breakpoint and the involvement of chloramine chemistry, much is 

unknown. Throughout the study, 1,4-D has been used as the principal contaminant, due to 

its simple structure and recalcitrance to degradation. 1,4-D is likewise a ubiquitous 

contaminant in water reuse scenarios, surface water and groundwater. However, 1,4-D is 

not the only contaminant of interest, especially with processes like UV/Breakpoint. It 

remains to be seen how effective breakpoint can be with other offending contaminants 

such as acetone, or tetrachloroethylene or other regulated contaminants as well as 

emerging contaminants (e.g. perfluoroalkyl substances). Further, the efficiency of 

UV/Breakpoint with other compounds will need to be investigated and catalogued if it is 

to be used as a process on any scale.  

The unique, compound mechanisms of UV/Breakpoint, including the mechanisms of the 

dark breakpoint chlorination reaction, suggest that the process may be highly efficient for 

compounds like carbamazepine and antibiotics like sulfamethoxazole. Compounds which 

are larger and more complex than 1,4-dioxane may be fragmented by the dark breakpoint 

process and further degraded by the simultaneous UV reactions which occur, and the 

increased reactive species concentrations observed. However, there remains the hazard of 

DBP formation and new DBP formation in the case that the process is improperly 

handled. Using a suboptimal condition for UV/Breakpoint could generate new and 

hazardous by products which must also be extensively studied prior to any use. 

The previous work into UV/Breakpoint has yet to replicate the CO2 study performed in 

the dark breakpoint chlorination reaction. Doing such an experiment would lend greater 
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credence to the idea that ONOOH is photolyzing if coupled with additional evidence. If 

ONOOH were synthesized, it is possible that ONOOH could be produced and 

subsequentially photolyzed and the magnitude of HO• production or contaminant 

oxidation could be measured to determine if ONOOH/ONOO- photolysis is of note. 

Additionally, the use of CO2 in a UV irradiation scenario, like what was performed in 

Chapter 4, could be used to examine the role that ONOOH/ONOO- plays in the 

UV/breakpoint process. 

Part of the efficiency of UV/Breakpoint is that the first minute of contact time yields the 

greatest radical yield and 1,4-D removal efficiency, however this may be limited by the 

UV-dose rate within that time frame. Only a 100 mJ/cm2 UV dose was achieved in that 

timeframe. Based on the short-lived nature of the breakpoint reaction, an expanded dose 

could photolyze additional components during that time, leading to enhanced removal of 

organic species. This may be achieved by the construction of a reactor with multiple 

UV lamps which maintains temperature but allows for a greatly expanded UV-dose. 

Showing organic contaminant removal within 60 seconds as a function of UV-dose rates 

would be key to further optimization of the system. 

This work delved into the gaps in the literature around chloramines and chloramine 

chemistry to find new insights into how chloramines functioned in UV systems and ways 

in which their chemistry could be exploited for potentially better treatment. This work 

further elucidated how chloramines interact with oxidants already in use and tried to 

tackle the ways in which systems could be tuned for better performance when oxidants 

must coexist with chloramines. The data from this work as already assisted OCWD in 
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understanding and optimizing their system. Features of this work will assist other projects 

in the future in developing more efficient and effective water treatment systems, leading 

eventually to direct potable reuse and greater water security. 
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Appendix A  
Supporting information for Chapter 2 

Previously published in Environmental Science and Technology Letters 

 

 

 

Patton, S.; Li, W.; Couch, K. D.; Mezyk, S. P.; Ishida, K. P.; Liu, H. Impact of the 

Ultraviolet Photolysis of Monochloramine on 1,4-Dioxane Removal: New Insights into 

Potable Water Reuse. Environ. Sci. Technol. Lett. 2017, 4 (1), 26–30. 
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Figure A-1 The concentration of chloride in monochloramine solutions. 
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Text S1 High performance liquid chromatography and its operating conditions 

Chromatographic detection of 1,4-dioxane was achieved using an Agilent 1200 high 

performance liquid chromatograph equipped with a diode array detector. A Zorbax 

Eclipse XDB-C18 column (4.6×50mm, 1.8-m particle size) was used. HPLC grade 

water and pure acetonitrile were used as eluents. The composition of eluents was 92% 

H2O and 8% acetonitrile, the sample injection volume was 100 µL and the flow rate was 

set at 1.0 mL/min for a total of 6 min run time. The calibration curve of 1,4-dioxane was 

established using the procedures described above and its concentrations in actual samples 

were quantified based on this calibration curve.  
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Text S2 Electron pulse radiolysis for determining second-order rate constants of Cl• 

and Cl2•- with 1,4-dioxane 

Electron pulse radiolysis was used to generate chlorine atom (Cl•) and chlorine radical 

dimer anion (Cl2
•-) using a stock solution of 0.50 mM tert-butanol, 10 mM K2S2O8 and 3 

mM Cl- at pH 3.5. The electron pulse radiolysis of water results in initial water 

ionization/excitation, giving a well-established suite of radical and molecular species 

including HO• and H•: 

H2O ⇝ 0.28 HO• + 0.27e-
aq + 0.06H + 0.07H2O2+ 0.05H2 + 0.27H+       

To isolate the Cl• and Cl2•- radicals, tert-butanol was added to the chlorine atom stock 

solution to scavenge the initially produced HO•: 

 HO• + (CH3)3COH  • CH2(CH3)2COH k1 = 6.6  108 M-1 s-1      (1) 

In addition, H• was scavenged by dissolved O2 in the air-saturated the solution: 

H• + O2  HO2
•    k2 = 1.2  1010 M-1 s-1      (2) 

Cl• was cleanly produced through the following reactions: 

eaq
- + S2O8

2-  SO4
2- + SO4

•-   k3 = 1.2  1010 M-1 s-1      (3) 

SO4
•- + Cl-  SO4

2- + Cl•   k4 = 2.6  108 M-1 s-1      (4) 

The Cl• radical reacts with Cl- to produce Cl2
•-: 

Cl• + Cl- ⇋ Cl2
•-    k5,f = 8.0  109 M-1 s-1      (5)  

and Cl• also reacts with 1,4-dioxane: 



 

117 
 

Cl• + 1,4-dioxane → products                        k6 was experimentally obtained  (6) 

The rate constant between Cl• and 1,4-dioxane (k6) was obtained by observing the 

competition reaction between Reaction 6 and Reaction 7. 

At longer times, the Cl2
•- radical also directly reacts with 1,4-dioxane: 

Cl2
•- + 1,4-dioxane → products          k7 was experimentally obtained    (7) 

Monitoring the Cl• reactivity was performed through its subsequent reaction with chloride 

(Reaction 5), to give the product of Cl2
•- that absorbed strongly at 340 nm.  Typical 

transient absorption kinetics for the growth of Cl2
•- are shown in Figure S2A. As the 

concentration of 1,4-dioxane was increased, the observed absorption on the Cl2
•- 

decreased, and its rate of production concomitantly increased.  

However, the Cl• reaction kinetics was complicated by the presence of the SO4
•- radical 

used to produce Cl• during pulse radiolysis, because SO4
•- also reacted with 1,4-dioxane: 

 SO4
•- + 1,4-dioxane → products  k8 = 7.2  107 M-1 s-1               (8) 

Consequently, the growth kinetics of the Cl2
•- represented both the kinetics of SO4

•- and 

Cl• with this analyte. This competition was resolved using a kinetic model written in 

MATLAB to deconvolute these Cl2
•- growth kinetics. The growth constants for the Cl• 

reaction with 1,4-dioxane were then plotted against its corresponding concentration and 

the slope of this line represented the second-order rate constant for the reaction between 

Cl• and 1,4-dioxane, as seen in Figure S2B.  The reaction rate constant obtained by this 

method for Cl• radical reaction with 1,4-D was k6 = (4.38 ± 0.38)  106 M-1 s-1. 
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At longer times, the formed Cl2
•- radical also reacted with 1,4-dioxane. By fitting these 

kinetic data to single exponential decays, the corresponding second-order plot between 

Cl2
•- and 1,4-dioxane was obtained (Figure S3A). The slope of this plot corresponded to 

the second-order rate constant for the reaction between Cl2
•- and 1,4-dioxane, as seen in 

Figure S3B.  This rate constant was determined as k7 = (3.3 ± 0.18)  106 M-1 s-1, which 

is significantly faster than anticipated based on the reactivity of Cl2
•- with analogous 

compounds such as tert-butanol (~7 x 102 M-1 s-1) and ethanol (4.5 x 104 M-1 s-1).1 

Repeated experiments at higher (30 mM) chloride concentrations gave the same rate 

constant within experimental error. We therefore have no quantitative explanation for this 

difference. As it is possible that there may be some Cl• reaction also occurring on this 

decay timescale, through the Reaction 5 equilibrium, at this time we can only suggest that 

our measured Cl2
•- rate constant is an upper-limit value. 
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Figure A-2 (A) Absorbance kinetics for Cl2•- radical growth at 340 nm with different 

concentrations of 1,4-dioxane. (B) Variation in Cl2•- growth kinetics from top data used 

to determine second order rate constants for Cl• reaction with 1,4-dioxane. Based on the 

fitted slope, the second-order rate constant between Cl• and 1,4-dioxane is 

k = 4.38 ± 0.38  106 M-1 s-1. 
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Figure A-3(A) Decay kinetics of Cl2
•- at 340 nm for added zero (�), 1.08 mM (O) and 

2.28 mM () 1,4-dioxane at pH 3.5 and 22.1oC.  Fitted lines are exponential decays. (B) 

Transformed second-order kinetic plot from the decay data.  Based on the fitted slope, the 

second-order rate constant between Cl2
•- and 1,4-dioxane is k = 3.30 ± 0.18  106 M-1 s-1.  
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Figure A-4 The measured time profile of 1,4-dioxane decay in UV/NH2Cl. Initial 

[1,4-dioxane] =250 µM, pH=5.8, ionic strength=35 mM.  
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Figure A-5 The measured time profile of NH2Cl decay in UV/NH2Cl. Initial 

[1,4-dioxane] = 250 µM, pH=5.8, ionic strength=35 mM. 
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Text S3 Calculation on the fate of Cl• in UV/NH2Cl: 

The Cl• radical was generated via photolysis of NH2Cl (Reaction 9): 

𝑁𝐻2𝐶𝑙 𝑁𝐻2
. + 𝐶𝑙.                                                                  (9) 

Four reactions could act as sinks for Cl•:2-3 

𝐶𝑙. + 𝐶𝑙− → 𝐶𝑙2.−  k10=8.5×109 M-1s-1 (10)  

𝐶𝑙. + 𝑁𝐻2𝐶𝑙 → 𝑁𝐻𝐶𝑙. + 𝐻+ + 𝐶𝑙−  k11=108-109 M-1s-1 (11) 

𝐶𝑙. + 𝐻2𝑂 → 𝐶𝑙𝑂𝐻.− + 𝐻+ k12= 2.5×105 s-1 (12) 

𝐶𝑙. + 1,4 − 𝑑𝑖𝑜𝑥𝑎𝑛𝑒 → 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 k13=4.4×106 M-1s-1 (13) 

k11 was estimated based on the rate constant between HO• and NH2Cl, because the 

reactivity of Cl• is generally like that of HO•.4,5  

Chloride is also present in the NH2Cl solution, it is introduced into the system from the 

HOCl stock solution. Cl• reacted with Cl- quickly (Reaction 10). Under the experimental 

conditions in this study (i.e., 0.2-6 mM of chloride, 0.2-6 mM of NH2Cl and 250 M of 

1,4-dioxane) the branching ratio for Cl• with Cl- in the UV/NH2Cl system (2 mM) in the 

presence of 1,4-dioxane was: 

%𝐶 .−𝐶 =
𝑘13[𝐶𝑙−]

𝑘13[𝐶𝑙−] + 𝑘14[𝑁𝐻2𝐶𝑙] + 𝑘15+𝑘16[1,4 − 𝑑𝑖𝑜𝑥𝑎𝑛𝑒]
× 100% = 88% − 97% 

Thus, more than 88% of Cl• reacted with Cl- to yield Cl2
•-. Therefore, Reaction 10 was the 

predominant sink of Cl•.   
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Text S4 Calculation on the fate of Cl2•- in UV/NH2Cl: 

Cl2
•- also has multiple sinks, including NH2Cl (Reaction 14), H2O (Reaction 15) and 1,4-

dioxane (Reaction 16):3,8
 

      𝐶𝑙2.− + 𝑁𝐻2𝐶𝑙 → 𝑁𝐻𝐶𝑙. + 𝐻+ + 2𝐶𝑙− k14=102-106 M-1s-1 (14) 

 𝐶𝑙2.− + 𝐻2𝑂 → 𝐻𝐶𝑙𝑂𝐻. + 𝐶𝑙− k15=1.3×103 s-1 (15) 

 𝐶𝑙2.− + 1,4 − 𝑑𝑖𝑜𝑥𝑎𝑛𝑒 → 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 k16=3.3×106 M-1s-1 (16) 

The reactivity of Cl2
•- was on the order of 102-106 M-1s-1 for H-atom abstraction,6-7 

Therefore, we used an estimated range of values for the rate constant of Cl2
•- reacting 

with NH2Cl (102-106 M-1s-1) to calculate the branching ratio. 

Under the experimental condition with 0.2-6 mM of NH2Cl and 250 M of 1,4-dioxane, 

0%-74% of Cl2
•- reacted with NH2Cl, 16%-61% reacted with H2O, and 10%-39% reacted 

with 1,4-dioxane. Therefore, Cl2
•- predominantly reacted with NH2Cl (Reaction 14). The 

higher the NH2Cl concentration, the greater the Cl2
•- scavenging it became.  
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Text S5 Calculation on the fate of HO• in UV/NH2Cl: 

The HO• radical was generated via ClOH•- dissociation:8  

 𝐶𝑙𝑂𝐻.− → 𝐻𝑂. + 𝐶𝑙−  k17=6.1×109 s-1 (17) 

ClOH•- was generated either via Reaction 18 or the analogous decay of the protonated 

species: 8 

 𝐻𝐶𝑙𝑂𝐻. → 𝐶𝑙𝑂𝐻.− + 𝐻+  k18=1.0×108 s-1 (18) 

Once HO• was generated, it participated in the following three reactions:1,9-10 

 𝐻𝑂. + 𝐶𝑙− → 𝐶𝑙𝑂𝐻.−   k19=3.0×109 M-1s-1 (19)  

 𝐻𝑂. + 𝑁𝐻2𝐶𝑙 → 𝑁𝐻𝐶𝑙. + 𝐻2𝑂  k20=5.1×108 M-1s-1 (20)  

 𝐻𝑂. + 1,4 − 𝑑𝑖𝑜𝑥𝑎𝑛𝑒 → 𝑝𝑟𝑜𝑑𝑢𝑐𝑡  k21=3.1×109 M-1s-1 (21)  

Under the experimental condition with 0.2-6 mM of NH2Cl and 250 M of 1,4-dioxane, 

the branching ratio of HO• with Cl- was calculated to be 41%-82%. Approximately 4%-

53% of HO• reacted with 1,4-dioxane. Therefore, Reaction 19 was the major sink for HO• 

under our experimental conditions. Increasing the NH2Cl concentration would increase 

the scavenging effect of HO• by Cl- and NH2Cl resulting in slower degradation of 1,4-

dioxane.  
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Text S6 Calculation on the fate of NH2• in UV/NH2Cl: 

NH2
• was directly generated from NH2Cl photolysis (Reaction 9). NH2

• has been reported 

not to react quickly with organic compounds in general.5 However, a prior study has 

shown that NH2
• had a low-to-moderate reactivity with primary amines (<105 M-1s-1) and 

phenolate (106 M-1s-1).11  

The major sink for NH2
• was its reaction with dissolved O2:

12 

 𝑁𝐻2
∙ + 𝑂2 𝑁𝐻2𝑂2

. → 𝑁𝑂∙ + 𝐻2𝑂 k22=1.2×108 M-1s-1 (22)  
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Text S7 Calculation on the fate of CO3•- in UV/H2O2 

Carbonate species react with HO• to form the carbonate radical CO3
•-:4-15  

 𝐻𝑂. + 𝐻2𝐶𝑂3 → 𝐻2𝑂 + 𝐶𝑂3
.− + 𝐻+ k23=1.0×106 M-1s-1    (23) 

 𝐻𝑂. + 𝐻𝐶𝑂3
− → 𝐶𝑂3

.− + 𝐻2𝑂 k24=8.6×106 M-1s-1   (24) 

 𝐻𝑂. + 𝐶𝑂3
2− → 𝐶𝑂3

.− + 𝐻𝑂− k25=3.9×108 M-1s-1   (25) 

However, there was only a trace amount of carbonate species in the solutions of this 

study. Specifically, in the air-saturated solution at pH 5.8, there was 17 µM of total 

carbonate, i.e., 4 µM of HCO3
- and 13 µM of H2CO3 (based on Henry’s law). When the 

pH of the same solution was adjusted to 11 in a closed system, there was 3 µM HCO3
- 

and 14 µM CO3
2-. Based on the branching ratio calculations, the scavenging of HO• by 

carbonate species was negligible at both pH 5.8 and 11.  
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Text S8 Probe compounds to determine the steady-state concentrations of HO•, Cl2•- 

and NH2• in UV/NH2Cl 

The competition kinetic method was utilized to quantify the steady-state concentration of 

relevant radical species. This calculation largely depended on the accuracy of the rate 

constants. Although all rate constants were obtained from pulse radiolysis studies from 

the literature as well as new pulse radiolysis studies, the associated errors could limit the 

accuracy of the calculations. These calculations still provide novel insight into the yields 

and distributions of reactive radicals in UV/NH2Cl in the presence of 1,4-dioxane. 

S8.1 [HO•]ss calculation 

Nitrobenzene (NB) was used to calculate the steady-state concentration HO•, and benzoic 

acid (BA) was utilized to calculate the steady-state concentrations of HO• and Cl2
•-. NB 

exclusively reacts with HO•.16,17 First, the pseudo first-order decay rate of nitrobenzene 

(kobs) was obtained from experimental measurements. The steady-state concentration of 

HO•, i.e., [HO•]ss, was calculated based on Equation 26:  

 −ln ([𝑁𝐵]
[𝑁𝐵] ) = 𝑘𝐻 −𝑁𝐵[𝐻𝑂∙] 𝑡     (26) 

 𝑘𝑁𝐵 = 𝑘𝐻 −𝑁𝐵[𝐻𝑂∙]  

[NB]t is the concentration of nitrobenzene at a given reaction time t; [NB]0 is the initial 

concentration of nitrobenzene (20 µM); kHO-NB is the second-order rate constant between 

HO• and nitrobenzene, which is known at 3.5×109 M-1s-1.18 kNB is the pseudo first-order 

decay rate of nitrobenzene with 2 mM NH2Cl in UV/NH2Cl. The pseudo first-order decay 
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rate of NB was experimentally determined to be 5.710-4 s-1 under our experimental 

conditions. Consequently, [HO•]ss was calculated by solving equation 26: 

5.7 × 10−4𝑠−1 = 3.5 × 109 𝑀−1𝑠−1[𝐻𝑂.]  

[𝐻𝑂.] = 1.6 × 10−13𝑀 

S8.2 [Cl2•-]ss calculation 

Under the experimental conditions in this study, Cl• and NH2
•
 were not reactive with 1,4-

dioxane (see Text S3 and S6). Therefore, the degradation of 1,4-dioxane was mainly due 

to HO• and Cl2
•-:  

          −ln ([1,4− ]
[1,4− ] ) = (𝑘𝐻 −1,4𝐷[𝐻𝑂∙] + 𝑘𝐶 2−1,4𝐷[𝐶𝑙2∙−] )t            (27) 

                𝑘1,4−𝐷 = 𝑘𝐻 −1,4𝐷[𝐻𝑂∙] + 𝑘𝐶 2−1,4𝐷[𝐶𝑙2∙−]  

Here [1,4-dioxane]t is the concentration of 1,4-dioxane at a given reaction time t; [1,4-

dioxane]0 is the initial concentration of 1,4-dioxane (250 µM); kHO-1,4D is the second-

order rate constant between HO• and 1,4-dioxane (3.1×109 M-1s-1),10 and kCl2-1,4D is the 

second-order rate constant between Cl2
•- and 1,4-dioxane (3.3×106 M-1s-1). k1,4-D is the 

experimentally observed pseudo first-order rate constant of 1,4-dioxane in UV/NH2Cl 

with 2 mM NH2Cl (6.710-4 s-1). Using the [HO•]ss of 1.610-13 M obtained from 

equation 26, we solved the equation 27 to get [Cl2
•-]ss: 

6.7 × 10−4𝑠−1 = 3.2 × 109 𝑀−1𝑠−1 × 1.6 × 10−13𝑀 + 3.3 × 106𝑀−1𝑠−1[𝐶𝑙2∙−]  

[𝐶𝑙2∙−] = 4.9 × 10−11𝑀 
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S8.3 [NH2•]ss calculation 

The major radical reactions for benzoic acid were with HO•, Cl2•-
 and NH2

•. Cl• was not 

included because the branching ratio of Cl• with benzoic acid was negligible. Benzoic 

acid also did not undergo direct photolysis based on our experimental observation.19 

The steady-state concentration of NH2
•. was calculated using Equation 28: 

−ln ([𝐵𝐴]
[𝐵𝐴] ) = (𝑘𝐻 −𝐵𝐴[𝐻𝑂∙] + 𝑘𝐶 2−𝐵𝐴[𝐶𝑙2∙−] + 𝑘𝑁𝐻2−𝐵𝐴[𝑁𝐻2

. ] )𝑡  (28) 

            𝑘𝐵𝐴 = 𝑘𝐻 −𝐵𝐴[𝐻𝑂∙] + 𝑘𝐶 2−𝐵𝐴[𝐶𝑙2∙−] + 𝑘𝑁𝐻2−𝐵𝐴[𝑁𝐻2
. ]  

kBA was experimentally obtained (2.0×10-3 s-1). The rate constants between benzoic acid 

and HO•, Cl2
•-

 and NH2
• are kHO-BA = 6.2×109 M-1s-1,20  kCl2-BA = 2.0×106 M-1s-1,6 and  

kNH2-BA = 1.0×105 M-1s-1,11 respectively. Using the steady-state concentrations of HO• and 

Cl2
•- calculated previously, we can solve Equation 28 to obtain [NH2

•]ss. 

2.0 × 10−3𝑠−1

= 6.2 × 109 𝑀−1𝑠−1 × 1.6 × 10−13𝑀

+ 2.0 × 106𝑀−1𝑠−1 × 4.9 × 10−11𝑀 + 1.0 × 105𝑀−1𝑠−1 × [𝑁𝐻2
. ]𝑠𝑠 

[𝑁𝐻2
. ] =8.7× 10−9𝑀 

S8.4 Percentile contribution of HO• and Cl2•- to 1,4-dioxane degradation 

Because of the low reactivity of NH2
• with 1,4-D (see Text S6), the percentage 

contributions of HO• and Cl2
•- to 1,4-dioxane degradation were therefore calculated as: 
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%𝐻 . =
𝑘𝐻 −1,4𝐷[𝐻𝑂.]

𝑘𝐻 −1,4−𝐷[𝐻𝑂.] + 𝑘𝐶 2−1,4𝐷[𝐶𝑙2.−]

=
3.1 × 109 𝑀−1𝑠−1 × 1.6 × 10−13𝑀

3.1 × 109 𝑀−1𝑠−1 × 1.6 × 10−13𝑀 + 3.3 × 106 𝑀−1𝑠−1 × 4.9 × 10−11𝑀
= 76% 

%𝐶 . =
𝑘𝐶 2−1,4𝐷[𝐶𝑙2.−]

𝑘𝐻 −1,4−𝐷[𝐻𝑂.] + 𝑘𝐶 2−1,4𝐷[𝐶𝑙2.−]

=
3.3 × 106 𝑀−1𝑠−1 × 4.9 × 10−11𝑀

3.1 × 109 𝑀−1𝑠−1 × 1.6 × 10−13𝑀 + 3.3 × 106 𝑀−1𝑠−1 × 4.9 × 10−11𝑀
= 24% 
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Text S9 Calculations for TBA scavenging effects in UV/NH2Cl 

S9.1 Changes of reactive chlorine species with TBA scavenging effects  

When 5 mM TBA was added as the scavenger, Cl• was scavenged by TBA via the 

following reaction:14    

𝑇𝐵𝐴 + 𝐶𝑙. → 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡             k29=3.0×108
 M-1s-1         (29) 

The percentage of Cl• scavenged by TBA became: 

%𝐶 .− 𝐵𝐴 =
𝑘29[𝑇𝐵𝐴]

𝑘29[𝑇𝐵𝐴] + 𝑘10[𝐶𝑙−] + 𝑘11[𝑁𝐻2𝐶𝑙] + 𝑘12+𝑘13[1,4 − 𝑑𝑖𝑜𝑥𝑎𝑛𝑒]
= 4% 

The percentage of [Cl•]ss before and after 5 mM of TBA addition became: 

%[𝐶 .] =
𝑘10[𝐶𝑙−] + 𝑘11[𝑁𝐻2𝐶𝑙] + 𝑘12+𝑘13[1,4 − 𝑑𝑖𝑜𝑥𝑎𝑛𝑒]

𝑘29[𝑇𝐵𝐴] + 𝑘11[𝐶𝑙−] + 𝑘12[𝑁𝐻2𝐶𝑙] + 𝑘13+𝑘14[1,4 − 𝑑𝑖𝑜𝑥𝑎𝑛𝑒]
= 93% 

Therefore, the steady-state concentration of Cl• decreased by 4% in the presence of 5 mM 

TBA. Furthermore, as the steady-state concentration of Cl2
•- was proportional to the 

steady-state concentration of Cl•:  

[𝐶𝑙2.−] =
𝑘10[𝐶𝑙.]

𝑘14[𝑁𝐻2𝐶𝑙] + 𝑘15 + 𝑘16[1,4 − 𝑑𝑖𝑜𝑥𝑎𝑛𝑒]
 

the yield of Cl2
•- will decrease by 4%. The decrease of Cl2

•- also led to the decrease of 

[HClOH•]ss by this amount, because [𝐻𝐶𝑙𝑂𝐻.] = [𝐶 . ] . 

In addition, [ClOH•-]ss also decreased by 4%, because  [𝐶𝑙𝑂𝐻.−] =  [𝐻𝐶 𝐻. ]   
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S9.2 Change of HO• with TBA scavenging effects 

In the presence of TBA, HO• is scavenged based on Reaction 30: 

𝑇𝐵𝐴 + 𝐻𝑂. → 𝑇𝐵𝐴 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡  k30=6.0×108
 M-1s-1 (30) 

Approximately 28% of HO• was scavenged by 5 mM of TBA: 

%𝐻 .− 𝐵𝐴 =
𝑘30[𝑇𝐵𝐴]

𝑘30[𝑇𝐵𝐴] + 𝑘19[𝐶𝑙−] + 𝑘20[𝑁𝐻2𝐶𝑙] + 𝑘21[1,4 − 𝑑𝑖𝑜𝑥𝑎𝑛𝑒]
× 100%

= 28% 

Thus, [HO•]ss decreased by 34% in the presence of 5 mM of TBA: 

         ∆%[𝐻𝑂.] = 1 − ( [𝐶 ]+ [𝑁𝐻 𝐶 ]+ [1,4− ])×0.93 0.96
[ 𝐵𝐴]+ [𝐶 ]+ [𝑁𝐻 𝐶 ]+ [1,4− ] = 34% 

S9.3 Change of 1,4-dioxane degradation rate with TBA scavenging effects 

The decrease of [Cl2
•-]ss (4%) and [HO•]ss

  (34%) in the presence of 5 mM TBA resulted 

in an overall 28% reduction of 1,4-dioxane degradation rate: 

𝑘1,4𝐷 = 𝑘21[𝐻𝑂.] × (1 − 34%) + 𝑘16[𝐶𝑙2.−] × (1 − 4%)   

∆% (𝑘1,4𝐷) = 1 −
𝑘21[𝐻𝑂.] × 66% + 𝑘16[𝐶𝑙2.−] × 96%

𝑘21[𝐻𝑂.] + 𝑘16[𝐶𝑙2.−]
= 28% 

The above-described calculation based on radical steady-state concentrations matched 

well with the directly experimental observation from TBA scavenging experiment, shown 

in Figure 3 of the main text. In addition, the contribution of HO• and Cl2
•-to 1,4-dioxane 

degradation in the presence of 5 mM TBA was calculated to be 70% and 30%, 

respectively:  
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%𝐻 . =
𝑘21[𝐻𝑂.]

𝑘21[𝐻𝑂.] + 𝑘16[𝐶𝑙2.−]
= 70% 

                                              %𝐶 . = [𝐶 . ]
[𝐻 .] + [𝐶 . ]

= 30% 

Table A-1 Rate constants of tert-butyl alcohol (TBA) reacting with radicals that are 

relevant in the UV/NH2Cl system. 

  

Radical 
Rate constant 

with TBA (M-1 s-1) 
Reference 

HO• 6.0108 13 

Cl• 3.0108 14 

Cl2
•- 7.0102 6 

NH2
• Negligible 5 
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Text S1 HPLC-UV quantification of 1,4-dioxane and probe compounds. 

Prior to analysis, samples were quenched by the addition of excess thiosulfate and 

analyzed within 48 hours of collection. 1,4-Dioxane, nitrobenzene, and benzoic acid were 

quantified using an Agilent 1200 Series High Performance Liquid Chromatography 

(HPLC) system equipped with an Agilent Eclipse XDB-C18 column and a UV-Diode 

Array Detector. 1,4-Dioxane was quantified using an isocratic flow of 92% HPLC-grade 

H2O and 8% HPLC-grade acetonitrile. The retention time was 2.7 min at a flow rate of 

1.0 mL/min measured at 190 nm. Nitrobenzene and benzoic acid were quantified using 

an isocratic elution of 50% 10 mM formic acid and 50% HPLC-grade acetonitrile. The 

retention time for nitrobenzene was 5.6 min at a flow rate of 1.0 mL/min at 270 nm. 

Benzoic acid had a retention time of 2 min and was measured at 220 nm.  
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Text S2 Competition kinetic method for the quantification of radical steady-state 

concentrations. 

Radical steady-state concentrations were calculated using the competition kinetic 

method.1 Three compounds, 1,4-dioxane (1,4-D), nitrobenzene (NB), and benzoic acid 

(BA) were used as probe compounds to estimate the hydroxyl radical (HO•), amino 

radical (NH2
•), and chlorine dimer (Cl2

•-) steady-state concentrations collectively.2 The 

pseudo first-order degradation rate of each probe was determined from experimental 

measurements, and the steady-state radical concentrations were calculated as shown 

below in Equation 1: 

(Eq 1) −d[C]
dt

= ∑kn[C][Radical•]  

Where -d[C]/dt is the rate at which a probe compound C is degraded, kn is the second-

order rate constant between the probe compound C and the radical, [C] is the probe 

compound concentration, and [Radical•]ss is the steady-state concentration of the radical 

species. All rate constants used were established at 25 ○C. 

Nitrobenzene (NB) was used as the HO• probe. Equation 2 was used to calculate HO• 

steady-state concentration from the NB degradation rate: 

Reaction 1  𝑁𝐵 + 𝐻𝑂• → 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 k1 =4.7 × 109 M-1 s-1 3 

−d[NB]
dt

= k1[NB][HO•] = 𝑘 ,𝑁𝐵[𝑁𝐵], where kobs,NB is the experimentally measured 

pseudo first-order rate of NB decay. Therefore: 

(Eq 2)   𝑘 ,𝑁𝐵 = 𝑘1[𝐻𝑂•]𝑠𝑠   
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1,4-Dioxane (1,4-D) served as the Cl2
•- probe compound and Equations 2 and 3 was used 

to calculate the Cl2
•- steady-state concentration: 

Reaction 2  1,4 − 𝐷 + 𝐻𝑂• → 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 k2 = 3.1 × 109 M-1 s-1 4 

Reaction 3 1,4 − 𝐷 + 𝐶𝑙2•− → 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠  k3 = 3.3 × 106 M-1 s-1 5 

−
d[1,4 − D]

dt
= k2[1,4 − D][HO•] + k3[1,4 − D][Cl2•

−] = 𝑘 ,1,4−𝐷[1,4 − 𝐷] 

Where kobs,1,4-D is the observed pseudo first-order rate of 1,4-D decay, therefore: 

(Eq 3)   𝑘 ,1,4−𝐷 = 𝑘2[𝐻𝑂•] + 𝑘3[𝐶𝑙2•−]  

Benzoic acid (BA) served as a NH2
• probe and Equation 4 was used to calculate [NH2

•]ss 

in combination with Equations 2 and 3: 

Reaction 4  𝐵𝐴 + 𝐻𝑂• → 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠  k4 = 6.0 × 109 M-1 s-1  

Reaction 5  𝐵𝐴 + 𝐶𝑙2•− → 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 k5 = 2.0 × 106 M-1 s-1 7 

Reaction 6  𝐵𝐴 + 𝑁𝐻2
• → 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 k6 = 1.0 × 105 M-1 s-1 8 

 −d[BA]
dt

= k4[BA][HO•] + k5[BA][Cl2•−] + k6[BA][NH2
•] = 𝑘 ,𝐵𝐴[𝐵𝐴]    

Where kobs,BA is the measured pseudo first-order rate of benzoic acid decay 

(Eq 4)   
 𝑘 ,𝐵𝐴 = 𝑘4[𝐻𝑂] + 𝑘5[𝐶𝑙2•−] + 𝑘6[𝑁𝐻2

•]  

Using equations 2–4 simultaneously, we can calculate the stead-state concentrations for 

HO•, Cl2
•-, and NH2

•.  
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Figure B-1 Chloramine UV photolysis rates at 254 nm irradiation. [chloramine] = 0.2–6 

mM, [1,4-D] = 250 µM, pH=5.8. 

  



 

142 
 

Text S3 Fate of HO• in UV/NH2Cl and UV/NHCl2 

To understand the fate of HO• in UV/chloramine AOP, the branching ratio of HO• with 

each compound was calculated. The branching ratio is defined as the percentage of HO• 

that reacts with a compound represented by Equation 5:  

(Eq 5) Branching Ratio of 𝐻𝑂• =  k [C ]
∑ k C

 

Where ki is the second-order rate constant between HO• and a compound Ci. The 

denominator is the summation of reactions between HO• and all competing compounds. 

Monochloramine and dichloramine react with HO• at different rates, as shown below, and 

produce different radical products: 

Reaction 7 HO• + NH2Cl → NHCl• + H2O k7 = 5.8 × 108 M-1 s-1 9 

Reaction 8 HO• + NHCl2 → NCl2• + H2O k8 = 2.6 × 108 M-1 s-1 9 

In the UV/NH2Cl system, four compounds react with HO•: nitrobenzene (Reaction 1), 

1,4-dioxane (Reaction 2), benzoic acid (Reaction 4), and NH2Cl (Reaction 7). The 

influence of dissolved O2 and carbonate species were negligible due to their low 

concentrations in the N2-purged solutions applied in this study. As a result, the branching 

ratio of HO• reacting with 1,4-dioxane is calculated as: 

(Eq 6) Branching Ratio of 𝐻𝑂•
1−4𝐷 = k [1,4−D]

k [1,4−D]+k [NH Cl]+k [NB]+k [BA] 

In this and other cases, the influence of chloride is dismissed in the calculation of the 

effective branching ratio due to the following Reactions 9–11: 



 

143 
 

Reaction 9 HO• + Cl− → HOCl•− k9 = 4.3 × 109 M-1 s-1 10 

Reaction 10 HOCl•− → HO• + Cl− k10 = 6.1 × 109 s-1 10 

Reaction 11 HOCl•− + H+ → Cl• + H2O k11 = 2.1 × 1010 M-1 s-1 10 

The formation of HOCl•- is followed by immediate decomposition into HO• (Reaction 

10). Reaction 11 will be significant below pH 2. 

During the photolysis of 2 mM NH2Cl, the effective branching ratio of HO• reacting with 

1,4-dioxane is calculated using Equation 6: 

 

As shown above, 40% of HO• reacts with 1,4-dioxane.  

Similarly, for UV/NHCl2, the branching ratio of HO• reacting with 1,4-dioxane can be 

calculated with Equation 7: 

(Eq 7)  Branching Ratio of 𝐻𝑂•
1−4𝐷 = k [1,4−D]

k [1,4−D]+k [NHCl ]+k [NB]+k [BA]  

For example, with 4 mM of NHCl2, the effective branching ratio is calculated as: 

 (3.1×10 𝑀 )(250 µ𝑀)
(3.1×10 𝑀 )(250 µ𝑀)+(2.57×10 𝑀 )(4000 µ𝑀)+(4.7×10 𝑀 )(20µ𝑀)+(6.0×10 𝑀 )

= 40% 

Rearrangement of the above equation will allow for the calculation of the branching ratio 

of HO• reaction with NHCl2: 

(3.1 × 109𝑀−1𝑠−1)[250 µ𝑀]
(3.1 × 109𝑀−1𝑠−1)[250 µ𝑀] + (5.8 × 108𝑀−1𝑠−1)[2000 µ𝑀] + (5.1 × 108𝑀−1𝑠−1)[20 µ𝑀] + (6.0 × 109𝑀−1𝑠−1)[10µ𝑀]

= 40% 
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 (2.57×10 𝑀 )(4000 µ𝑀)
(3.1×10 𝑀 )(250 µ𝑀)+(2.57×10 𝑀 )(4000 µ𝑀)+(4.7×10 𝑀 )(20µ𝑀)+(6.0×10 𝑀 )

=

53% 

Where the numerator is represented by k8, the second-order reaction rate between NHCl2 

and HO•, and the concentration of NHCl2. 

The branching ratio of HO• reaction with 1,4-D, NH2Cl, and NHCl2 was calculated for 

the range of concentrations used in the experiments and is shown in Figure S2. NH2Cl 

branching ratio trends shown in Figure S2A indicate that NH2Cl accounts for the majority 

of HO• demand at concentrations >2 mM, the peak of 1,4-D removal. As NH2Cl 

concentration exceeds 2 mM, the HO• branching ratio with NH2Cl remains >50% and 

increases to a maximum of 75%. Figure S2B shows the branching ratio trends for NHCl2 

where 1,4-D accounts for the majority of HO• reactions until just above 4 mM. These 

figures show the shift in optimal chloramine concentration for the NH2Cl and NHCl2 

systems. 

  



 

145 
 

 

 
Figure B-2 Branching ratio of HO• reaction with 1,4-dioxane and chloramines. (A) 

NH2Cl and (B) NHCl2. The branching ratio is the percentage of HO• that reacted with a 

compound. Other constituents including benzoic acid and nitrobenzene which react with 

HO• are omitted. [chloramine]= 0.2–6 mM, [1,4-D]= 250 µM, [NB]= 20 µM, [BA]= 

10µM, pH=5.8.  
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Text S4 Fate of reactive chlorine species in UV/NH2Cl and UV/NHCl2 

To examine the fate of reactive chlorine species (RCS) in UV/Chloramine, the effective 

branching ratio of the primary RCS, Cl2
•- reacting with each compound was calculated. 

Branching ratio is defined as the percentage of Cl2
•- which reacts with a given compound, 

shown in equation 8: 

(Eq 8) Branching Ratio of Cl2•− = k [C ]
∑ k C

 

Where ki is the second order rate constant between Cl2
•- and a compound, Ci. The 

denominator is the summation of reactions between Cl2
•- and all competing compounds 

denoted as kn and Cn. 

In all systems mentioned, equimolar amounts of chloride exist due to chlorine 

equilibrium. The chloride concentration and the rapid rate of Reaction 12 means that the 

majority of Cl• is transformed into Cl2
•-.11 Therefore, all calculations considering reactive 

chlorine species refer to Cl2
•-. 

Reaction 12 Cl• + Cl− → Cl2•− k12 = 6.5 × 109 M-1 s-1 11 

Monochloramine and dichloramine react with Cl2
•- at different rates and generate 

different products (Reactions 13–14).5 Hydroxide may also react with Cl2
•- and is 

considered in the branching ratio calculations (Reaction 15). 

Reaction 13 Cl2•− + NH2Cl → NHCl• + H+ + 2Cl− k13 = 1.14 × 107 M-1 s-1 5 

Reaction 14 Cl2•− + NHCl2 → NCl2• + H+ + 2Cl− k14 = 4.40 × 106 M-1 s-1 5 
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Reaction 15 Cl2•− + OH− → HOCl•− + Cl− k15 = 4.50 × 107 M-1 s-1 12 

The major competitors for Cl2
•- are 1,4-dioxane (Reaction 3), benzoic acid (Reaction 5), 

NH2Cl (Reaction 13), and hydroxide (Reaction 15). Dissolved O2 and carbonate species 

are assumed to have negligible impact due to their low concentrations in the N2-purged 

solution. The branching ratio of Cl2
•- reacting with 1,4-dioxane can be calculated as:  

(Eq 9)  Branching Ratio = k [1,4−D]
k [1,4−D]+k [NH Cl]+k [BA]+k [OH ] 

For example, with 2 mM NH2Cl, 1,4-dioxane accounts for 4% of Cl2
•- demand while 

monochloramine accounts for 96% of Cl2
•- consumption as shown in the following 

equation: 

Branching ratio of Cl2
•- reaction with 1,4-D: 

(3.3 × 106𝑀−1𝑠−1)[250µ𝑀]
(3.3 × 106𝑀−1𝑠−1)[250µ𝑀] + (1.14 × 107𝑀−1𝑠−1)[2000µ𝑀] + (2.0 × 106𝑀−1𝑠−1)[10µ𝑀] + (4.5 × 107𝑀−1𝑠−1)[6.3𝑛𝑀]

= 4% 

Branching ratio of Cl2
•- reaction with NH2Cl: 

(1.14 × 107𝑀−1𝑠−1)[2000µ𝑀]
(3.3 × 106𝑀−1𝑠−1)[250µ𝑀] + (1.14 × 107𝑀−1𝑠−1)[2000µ𝑀] + (2.0 × 106𝑀−1𝑠−1)[10µ𝑀] + (4.5 × 107𝑀−1𝑠−1)[6.3𝑛𝑀]

= 96% 

Similarly, the branching ratio for Cl2
•- reaction with 1,4-dioxane can be calculated for the 

dichloramine system using equation 8: 

(Eq 10)  Branching Ratio = k [1,4−D]
k [1,4−D]+k [NHCl ]+k [BA]+k [HO ] 
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At the optimum concentration of 4 mM, NHCl2 reacts with 95% of Cl2
•- while 5% of Cl2

•- 

reacts with 1,4-dioxane as shown below. 

Branching ratio of Cl2
•- reaction with 1,4-D: 

(3.3 × 106𝑀−1𝑠−1)[250µ𝑀]
(3.3 × 106𝑀−1𝑠−1)[250µ𝑀] + (4.4 × 107𝑀−1𝑠−1)[4000µ𝑀] + (2.0 × 106𝑀−1𝑠−1)[10µ𝑀] + (4.5 × 107𝑀−1𝑠−1)[6.3𝑛𝑀]

= 5% 

 

Branching ratio of Cl2
•- reaction with NHCl2: 

(4.4 × 107𝑀−1𝑠−1)[4000µ𝑀]
(3.3 × 106𝑀−1𝑠−1)[250µ𝑀] + (4.4 × 107𝑀−1𝑠−1)[2000µ𝑀] + (2.0 × 106𝑀−1𝑠−1)[10µ𝑀] + (4.5 × 107𝑀−1𝑠−1)[6.3𝑛𝑀]

= 95% 

 

The branching ratio of Cl2
•- reaction with 1,4-D, NH2Cl, and NHCl2 was calculated for 

the range of concentrations used in the experiments and is shown in Figure S3. The 

chloramine branching ratio trends shown in Figure S3A and S3B indicate that the 

respective chloramines account for the majority of Cl2
•- demand at concentrations greater 

than 0.2 mM. NHCl2 accounts for slightly less of this demand when compared to NH2Cl 

(Figure S3A versus S3B). This indicates that a higher Cl2
•- steady-state will be observed 

in systems involving NHCl2 compared to systems involving NH2Cl.  
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Figure B-3 Branching ratio of Cl2

•- reaction with 1,4-dioxane and A) NH2Cl and B) 

NHCl2. Branching ratio is the percentage of radical which reacted with a scavenger. 

Benzoic acid is omitted from the graph. [chloramine]= 0.2–6 mM, [1,4-D]= 250 µM, 

[NB]= 20 µM, [BA]= 10µM, pH=5.8. 
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Text S5 Calculation of theoretical rates of 1,4-dioxane degradation in chloramine 

mixture without considering radical scavenging effects. 

The expected photolysis rate for an oxidant (i.e., NH2Cl, NHCl2, or H2O2) was calculated 

by considering light screening effects: 

(Eq 11)  Ftotal = 1 − 10−(l∑ c ) 

Where Ftotal is the fraction of light absorbed by the solution at a specified wavelength 

(254 nm), l is the path length as determined using H2O2 actinometry (0.49 cm), ci refers 

to the concentration of a compound, and εi is the molar absorbance coefficient of that 

compound at 254 nm. For example, for a solution of 1 mM NH2Cl and 1 mM NHCl2, the 

fraction of light absorbed by the solution can be calculated using Equation 11: 

Ftotal = 1 − 10− 0.49× 1×10  M × 388 M c +1×10  M×142 M c = 45% 

The fraction of light absorbed by an individual component is calculated as follows: 

(Eq 12)  Fa = c
∑c

 

Where Fa is the fraction of absorbed light which is absorbed by an individual component 

in the solution, ca refers to the concentration of the component absorbing the light and εa 

is the molar absorbance coefficient at 254 nm. The denominator term is the summation of 

the product of constituent concentration, ci and molar absorbance coefficient, εi for all 

significant light absorbing compounds in the system, (e.g. NH2Cl and NHCl2).  

For example, given 1 mM NH2Cl and 1 mM NHCl2  
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NH2Cl: FNH Cl =
1×10 M×388 M c

1×10  M × 388 M c +1×10  M×142 M c
= 73.2% 

NHCl2:  FNHCl = 1×10 M×142M c
1×10  M × 388 M c +1×10  M×142 M c

= 26.8% 

To calculate the rate of 1,4-dioxane removal adjusted by light screening effects, the 

following Equation 13 was used: 

(Eq 13)  𝑟 , = 𝐹 𝐹 𝑟  

In the above equation, rp,mix is the light screening adjusted removal rate of 1,4-dioxane, as 

calculated from robs, which are observed UV-fluence normalized first-order removal rates 

of 1,4-dioxane in single oxidant conditions. Fa is the percent of UV light absorbed by the 

individual component a, obtained from Equation 12 and Ftotal is the UV light absorbed by 

the total solution obtained in Equation 11. Fa and FTotal are the primary terms for 

determining the impacts of light screening on the contribution of a component to 1,4-

dioxane removal as they are determined by component concentrations and molar 

absorbance coefficients. Further, the light screen adjusted contribution of HO• can be 

calculated by the following Equation 14: 

(Eq 14)  Calculated Radical Contribution =  r , × β[C] 

Where rp, mix is the light screening adjusted rate obtained from Equation 13 and 𝛽[𝐶] is a 

function derived from observed trends in HO• to Cl2
•- ratios. Examples for 𝛽[𝐶] observed 

in the data are shown in Equations 15a and b: 

(Eq 15) a) 𝛽[𝑁𝐻2𝐶𝑙] = 0.022 × [𝑁𝐻2𝐶𝑙] + 0.71 

  b) 𝛽[𝑁𝐻𝐶𝑙2] = 20.08 × [𝑁𝐻𝐶𝑙2] + 0.52 
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The regressions used to derive equations 15a and b are shown in FigureS13. 

 

Using Equations 15a and 15b, the contribution of radical species to 1,4-D removal can be 

predicted for a given concentration of oxidants based on previous results and light 

screening effects in single-oxidant systems. For example, the HO• contribution from 1 

mM NH2Cl and 1 mM NHCl2 can be calculated using a combination of Equations 14 and 

15 as follows: 

[2.28 × 10−4𝑚𝐽−1𝑐𝑚2 × (40.56[1 × 10−3𝑀] + 0.71)]

+ [1.23 × 10−4𝑚𝐽−1𝑐𝑚2 × (20.08[1 × 10−3 𝑀] + 0.53)]

= 2.39 × 10−4𝑚𝐽−1𝑐𝑚2 

Text S6 the fate of HO• in the chloramine mixture under UV photolysis. 

In the combined chloramine system, the presence of both NH2Cl and NHCl2 splits the 

branching ratio of HO• between them. The branching ratio for HO• reaction with NH2Cl 

can be defined as follows: 

(Eq 16) RatioNH Cl =
k [NH Cl]

k [1,4−D]+k [NH Cl]+k [NHCl ]+k [NB]+k [BA] 

From equation 16, shown above, the branching ratios for HO• reaction with NH2Cl can be 

calculated as follows: 

RatioNH 𝐶 =
(5.1 × 108𝑀−1𝑠−1)[1.8 𝑚𝑀]

(3.1 × 109𝑀−1𝑠−1)[250 µ𝑀] + (5.1 × 108𝑀−1𝑠−1)[1.8 𝑚𝑀] + (2.57 × 108𝑀−1𝑠−1)[200 µ𝑀]

+
(5.1 × 108𝑀−1𝑠−1)[1.8 𝑚𝑀]

(4.7 × 109𝑀−1𝑠−1)[20 µ𝑀] + (6.0 × 109𝑀−1𝑠−1)[10 µ𝑀] = 41% 
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From the equation above, one can calculate that 41% of HO• will react with NH2Cl when 

90% (i.e., 1.8 mM) of the mixture is NH2Cl, while NHCl2 scavenged 3%, and 1,4-

dioxane reacted with 41% of HO•. Conversely with a mixture of 10% NH2Cl and 90% 

NHCl2 (i.e., 0.2 mM NH2Cl and 1.8 mM NHCl2), the branching ratio of HO• reacting 

with 1,4-dioxane is 52%, while 7% of HO• reacted with NH2Cl and 31% reacted with 

NHCl2.  

Figure S4A details the trends in the HO• branching ratio as the composition of the 

mixture shifts from majority NH2Cl to NHCl2. The solid line is the HO• branching ratio 

with 1,4-D, the dashed and dotted lines are the HO• branching ratio with NH2Cl and 

NHCl2, respectively. As NHCl2 becomes the majority species, the branching ratio of HO• 

reacting with 1,4-D increases.   
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Text S7 The fate of Cl2•- in the chloramine mixture under UV photolysis. 

The major competitors for Cl2
•- in the chloramine mixture are similar to what is seen in 

the single oxidant systems. Equation 17 describes the branching ratio for Cl2
•- reaction 

with NH2Cl: 

(Eq 17) Branching Ratio= [NH Cl]
k [1,4−D]+k [NH Cl]+k [NHCl ]+k [BA]+k [HO ] 

For example, with 1.8 mM NH2Cl and 0.2 mM NHCl2 the branching ratio for Cl2
•– 

reaction with NH2Cl is 92%, with NHCl2 is 4%, and with 1,4-D is 4%. 

 

(1.14 × 107𝑀−1𝑠−1)[1800 µ𝑀]
(3.30 × 106𝑀−1𝑠−1)[250 µ𝑀] + (1.14 × 107𝑀−1𝑠−1)[1800 µ𝑀](4.40 × 106𝑀−1𝑠−1)[200 µ𝑀] + (4.50 × 107𝑀−1𝑠−1)[20 µ𝑀]

+
(1.14 × 107𝑀−1𝑠−1)[1800 µ𝑀]
(4.50 × 107𝑀−1𝑠−1)[6.31 𝑛𝑀] = 92% 

With 1.8 mM NHCl2, 21% of Cl2
•- reacted with NH2Cl, while 72% reacted with NHCl2, 

and 7% reacted with 1,4-dioxane, as shown below: 

(4.40 × 106𝑀−1𝑠−1)[1800 µ𝑀]
(3.30 × 106𝑀−1𝑠−1)[250 µ𝑀] + (1.14 × 107𝑀−1𝑠−1)[200 µ𝑀](4.40 × 106𝑀−1𝑠−1)[1800 µ𝑀]

+
(4.40 × 106𝑀−1𝑠−1)[1800 µ𝑀]

(4.50 × 107𝑀−1𝑠−1)[20 µ𝑀] + (4.50 × 107𝑀−1𝑠−1)[6.31 𝑛𝑀] = 72% 

Figure S4B below shows the trends in the branching ratio of Cl2
•- reaction with NH2Cl, 

NHCl2, and 1,4-D. Due to the relatively low reaction rate between 1,4-D and Cl2
•- the 

branching ratio for this reaction remains low across the series. 



 

155 
 

 

 
Figure B-4 The branching ratio of (A) HO• and (B) Cl2

•- reaction with NH2Cl, NHCl2, 

and 1,4-dioxane. Branching ratio refers to the percentage of radical reacting with a 

reactant. Nitrobenzene and benzoic acid are omitted from the graphs. TOTCl2=2 mM, 

TOTPO4=40 mM, [1,4-D]0=250 µM, [NB]0=20 µM, [BA]0=10 µM. 
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Figure B-5 (A) The correlation or sensitivity of 1,4-dioxane degradation rate to observed 

chloramine photolysis rates. (B) The observed chloramine photolysis rates as determined 

by standard DPD method. The %NH2Cl refers to the percent of TOTCl2 that exists as 

NH2Cl. TOTCl2=2 mM, TOTPO4=40 mM, [1,4-D]0=250 µM, [NB]0=20 µM, 

[BA]0 = 10 µM.  
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Figure B-6 The percentage of UV light absorbed by NH2Cl and NHCl2 in the chloramine 

mixture. Total refers to the total percentage of incident UV light absorbed by the solution. 

TOTCl2=2 mM, TOTPO4=40 mM, [1,4-D]0=250 µM, [NB]0=20 µM, [BA]0 = 10 µM. 
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Text S8 The fate of HO• from H2O2 photolysis in the presence of chloramines. 

HO• is formed by the photolysis of H2O2:, 

Reaction 16 H2O2 2HO• 

The rate of Reaction 16 is based on the intensity of incident light and absorption by H2O2. 

HO• is prone to scavenging by various compounds as previously described. Additionally, 

HO• may be scavenged by H2O2 itself (Reaction 17). 

Reaction 17 H2O2 + HO• → H2O + O2
•− k17 = 2.70 × 107 M-1 s-1 13 

Reaction 18 O2
•− + H+ → HO2

•  k18 = 7.2 × 1010 M-1 s-1 14 

On its own, H2O2 accounts for 5% of HO• demand in a 2 mM H2O2 system. The reaction 

of HO• with H2O2 forms O2
•- (Reaction 17) which has limited reactivity but reacts rapidly 

with protons to generate HO2
• (Reaction 18) which is non-reactive in this system. 

The branching ratio of HO• reaction with H2O2 can be calculated using Equation 18 as 

follows: 

(Eq 18) 𝑅𝑎𝑡𝑖𝑜𝐻 = [𝐻 ]
[1,4−𝐷]+ [𝑁𝐵]+ [𝐵𝐴]+ [𝐻 ]

 

 

With 2 mM of H2O2 and 2 mM of NH2Cl the following equation can be used to calculate 

the branching ratio for HO• reacting with NH2Cl: 
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(5.80 × 108𝑀−1𝑠−1)[2 𝑚𝑀]
(3.10 × 109𝑀−1𝑠−1)[250 µ𝑀] + (4.70 × 109𝑀−1𝑠−1)[20 µ𝑀] + (6.00 × 109𝑀−1𝑠−1)[10 µ𝑀] + (5.80 × 108𝑀−1𝑠−1)[2 𝑚𝑀]

+
(5.80 × 108𝑀−1𝑠−1)[2 𝑚𝑀]
(2.70 × 107𝑀−1𝑠−1)[2 𝑚𝑀] = 51% 

With 2 mM NH2Cl and 2 mM H2O2, 51% of HO• reacted with NH2Cl and 39% of HO• 

reacted with 1,4-dioxane. With 0.2 mM NH2Cl, 9% of HO• reacts with NH2Cl versus 

71 % reacting with 1,4-dioxane. NHCl2 has a similar but reduced influence due to a lower 

reaction rate with HO• (i.e. kNH2Cl= 5.1×108 M-1s-1 versus. kNHCl2=2.57×108M-1s-1) and 

reacted with 34% of HO• with 2 mM NHCl2 and 5 % of HO• with 0.2 mM NHCl2, 

respectively. Likewise, 1,4-dioxane reacts with 52% and 75% of HO• at 2 mM and 0.2 

mM NHCl2, respectively. Figures S7 and S10A illustrate the impacts of chloramine 

concentration on the branching ratio of HO• reaction with chloramines and 

hydrogen peroxide. 
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Figure B-7 Branching ratio of HO• in UV/H2O2 versus NH2Cl concentration. 

Nitrobenzene and benzoic acid are omitted from the graph. [H2O2] = 2 mM 

[NH2Cl] = 0.2-6 mM, [1,4-D] = 250 µM, [NB]= 20 µM, [BA]= 10µM, pH=5.8. 
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Text S9 The fate of Cl2•- during H2O2 photolysis in the presence of chloramines.  

In a UV/ H2O2 the following reaction occurs with Cl2
•- in addition to the reactions listed 

previously (Reactions 13–15):  

Reaction 19 Cl2•− + H2O2 → HO2
• + H+ + 2Cl− k19 = 1.40 × 105 M-1 s-1 15 

The branching ratio for Cl2
•- reacting with NH2Cl in the UV/H2O2 system can be 

calculated with the following equation: 

 (Eq 19) Ratio = k [NH 𝐶 ]
k [1,4−D]+k [NH Cl]+k [BA]+k [H O ] 

(1.14 × 107𝑀−1𝑠−1)[2000 µ𝑀]
(3.10 × 109𝑀−1𝑠−1)[250 µ𝑀] + (1.14 × 107𝑀−1𝑠−1)[2000 µ𝑀] + (2.00 × 106𝑀−1𝑠−1)[10 µ𝑀] + (1.40 × 105𝑀−1𝑠−1)[2000 µ𝑀]

= 95% 

Thus, with 2 mM of NH2Cl and 2 mM of H2O2, 95% of Cl2
•- reacted with NH2Cl, 3% 

reacted with 1,4-D, and 1% reacted with H2O2. At 0.2 mM of NH2Cl, 67% of Cl2
•- 

reacted with NH2Cl, 8% reacted with H2O2, and 24% reacted with 1,4-dioxane. NHCl2 

has a lower reaction rate with Cl2
•- (i.e. kNH2Cl=1.14×107 M-1s-1 versus. kNHCl2=4.40×106 

M-1s-1), which meant more Cl2
•- reacted with 1,4-dioxane. With 2 mM of NHCl2 and 2 

mM of H2O2, 89% of Cl2
•- reacted with NHCl2, 8% reacted with 1,4-dioxane and 3% 

reacted with H2O2. At 0.2 mM of NHCl2, 44% of Cl2
•- reacted with NHCl2, 41% reacted 

with 1,4-dioxane, and 14% reacted with H2O2. Figures S8 and S10B detail the impacts of 

chloramine concentration on Cl2
•- branching ratios. 
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Figure B-8 The branching ratio of Cl2
•- reactions versus NH2Cl concentration. Benzoic 

acid and hydroxide are omitted from the graph. [H2O2] = 2 mM [NH2Cl] = 0.2–6 mM, 

[1,4-D] = 250 µM, [NB]= 20 µM, [BA]= 10µM, pH=5.8.  

  



 

163 
 

 

Figure B-9 The percentage of UV light absorbed by NH2Cl and H2O2. Total refers to the 

percentage of incident UV light absorbed by the solution. TOTCl2=2 mM, 

TOTPO4 = 40 mM, [1,4-D]0=250 µM, [NB]0=20 µM, [BA]0=10 µM. 
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Figure B-10 Branching ratio of (A) HO• and (B) Cl2
•- in UV/H2O2 versus NHCl2 

concentration. Benzoic Acid and nitrobenzene are not shown. [H2O2] = 2 mM, 

[NH2Cl] = 0.2–6 mM, [1,4-D] = 250 µM, [NB] = 20 µM, [BA] = 10µM, pH = 5.8. 
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Figure B-11 The percentage of UV light absorbed by NHCl2 and H2O2. Total refers to the 

percentage of incident UV light absorbed by the solution. [NHCl2] =0~2 mM, 

TOTPO4=40 mM, [1,4-D]0=250 µM, [NB]0=20 µM, [BA]0=10 µM. 
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Figure B-12 The sensitivity of 1,4-dioxane degradation rate to H2O2 and chloramine 

photolysis rates. [H2O2] = 2 mM, TOTPO4 = 40 mM, [1,4-D] = 250 µM, [NB] = 20 µM, 

[BA]= 10 µM, pH= 5.8. 
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Figure B-13 The correlation between chloramine dose and the percentage of HO• 

contribution to the 1,4-dioxane rate constant in single oxidant systems. 0.2 mM is an 

outlier in the trend and was omitted. [Chloramine]= 0.4–6 mM, [1,4-D] = 250 µM, 

[NB] = 20 µM, [BA]= 10µM, pH=5.8. 
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Text S10 Oxidation of 1,4-Dioxane in Reverse Osmosis Permeate 

ROP was acquired from a water reuse facility in Southern California and used in a bench-

scale test in comparatively realistic conditions. The 1,4-dioxane concentration in the RO 

permeate experiment was set at 227 nM, and the probe compounds (nitrobenzene and 

benzoic acid) were omitted. 1,4-dioxane was detected using EPA method 522 and 

detected using GC/MS. The RO permeate had a residual chloramine concentration of 

0.25 mg/L NH2Cl and 1 mg/L NHCl2. Two conditions were used, 2.5 mg/L H2O2 in the 

unaltered ROP and in the presence of 1.75 mg/L additional NH2Cl. It was observed as 

shown below that the increase in NH2Cl concentration decreased the total removal of 1,4-

dioxane by 16% which is analogous to previous results where the doubling of NH2Cl 

concentration from 0.2 mM to 0.4 mM results in a 25% decline in 1,4-dioxane removal 

rate constant (Figure 4). 
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Figure B-14 Impact of chloramine concentration on total 1,4-dioxane removal in real RO 

permeate. pH=5.5, unbuffered, [1,4-dioxane] = 227 nM, reaction time = 15 minutes 

(equivalent to a total UV dosage = 1000 mJ/cm2), [H2O2] = 2.5 mg/L. 
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Figure B-15 Pseudo first-order 1,4-dioxane decay kinetics in: (A) UV/NH2Cl; (B) 

UV/NHCl; (C) UV/chloramine mixture where %NH2Cl represents the percentage of 2 

mM total chlorine which is NH2Cl with the rest being NHCl2; (D) UV/H2O2 with NH2Cl 

and (E) UV/H2O2 with NHCl2 where [H2O2]0 = 2 mM. In all scenarios, pH = 5.8, [1,4-

dioxane]0 = 250 µM, [Nitrobenzene] = 20 µM, [Benzoic Acid] = 10 µM. 
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Text S1: Determination of radical and/or reactive species contributions via 

scavenging experiments 

Several radicals and other reactive species appear to contribute to the degradation of 1,4-

D in the breakpoint chlorination system, including HO•, ONOOH, and other yet 

unidentified reactive species. Therefore, the equation describing 1,4-D removal can be 

expressed as follows (Eq 1): 

Equation 1 − [1,4−𝐷] = 𝑘1[1,4 − 𝐷][𝐻𝑂•] + 𝑘 [1,4-𝐷][𝑂𝑁𝑂𝑂𝐻] + 𝑘 [1,4-𝐷][𝑂𝑡ℎ𝑒𝑟𝑠] 

To quantify the contributions of HO• to 1,4-D degradation, 100 mM of tert-butanol was 

added to scavenge HO• during breakpoint chlorination in the presence of 1,4-D as shown 

in Figure S3. 

Branching ratio is calculated as the ratio of reactant that could undergo reaction with 

another reactant in a system of reactants, defined with the following equation: 

Equation 2 𝐵𝑟𝑎𝑛𝑐ℎ𝑖𝑛𝑔 𝑅𝑎𝑡𝑖𝑜 = 𝐶
∑ 𝐶

 

Where ka is the reaction rate constant of the target compound, in this case HO• with the 

compound A, Ca is the initial concentration of A. The ΣkiCi term is the summation of 

products of rate constants k with initial concentrations C for all components in the 

system, including compound A. Considering only 100 mM tert-butanol and 250 µM 1,4-

D, 99% of HO• generated reacts with tert-butanol rather than 1,4-D. tert-Butanol reacts 

with HO• with a rate constant of 6.0×108 M-1s-1 and 1,4-D reacts with a rate constant of 

3.1×109 M-1s-1.1,2 
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When considering other major players (e.g. NH3, HOCl, 1,4-D, and tert-butanol at their 

initial concentrations) in the system, the branching ratio calculation yields the following 

results: 

Table C-2 Branching ratios at a Cl2-to-NH3 molar ratio of 1.5 during tert-butanol 

scavenging experiments 

Component Rate Constant Initial 
Concentration 

Branching Ratio Reference 

NH3 9.7×107 M-1s-1 2 mM 0.3% 3 
HOCl 2.0×109 M-1s-1 3 mM 9.0% 4 
1,4-dioxane 3.1×109 M-1s-1 250 µM 1.2% 2 
tert-Butanol 6.0×108 M-1s-1 100 mM 89.6% 1 

 

Where the majority of HO• reacts with tert-butanol and a smaller fraction (9%) reacts 

with HOCl. 

The reduction in overall 1,4-D degradation by tert-butanol was used to determine HO• 

contributions to 1,4-D degradation during breakpoint chlorination, as follows (Eq 2): 

Equation 3 𝑅𝑀 − 𝑅𝑀 𝐵𝐴 = 𝑅𝑀𝐻 • 

Where RMTotal is the observed percentage of 1,4-D removal during breakpoint 

chlorination without the addition of scavengers, RMTBA is the percentage of 1,4-D 

degradation when tert-butanol is present, and RMHO• is the removal percentage due to 

HO• in the system. Many of the reactions involved in breakpoint chlorination are rapid, 

so removal percentage is used in lieu of assumptions about the order or kinetics of the 



 

178 
 

overall reaction. With such short reaction times and consequent limits on observational 

data, the cumulative exposure of 1,4-D to HO• becomes more useful than apparent 

steady-states. Exposure can be calculated using the following formula previously 

described by Elovitz and von Gunten5 (Eq 3): 

Equation 4 ln 𝐶
𝐶

= −𝑘𝐻 •∫ [𝐻𝑂•]𝑑𝑡 

Where C0 is the initial 1,4-D concentration, C is the 1,4-D concentration after a reaction 

time t, kHO• is the second-order rate constant of the reaction between 1,4-D and HO• 

(kHO• = 3.1×109 M-1s-1)2, and ∫ [𝐻𝑂•]𝑑𝑡 is the cumulative exposure of 1,4-D to HO•. 

Equation 3 is rearranged to solve for ∫ [𝐻𝑂•]𝑑𝑡: 

Equation 5 
ln

− •
= ∫ [𝐻𝑂•]𝑑𝑡 

The difference in 1,4-D removal in the tert-butanol scavenging experiment (RMTBA, 

Equation 1) and 1,4-D removal in the unaugmented system (RMTotal) is attributed to HO• 

(RMHO•). This RMHO• term is then used as 𝐶
𝐶

 in Equation 5 to calculate ∫ [𝐻𝑂•]𝑑𝑡. 

Figure S3 shows the results from individual scavenger experiments involving tert-

Butanol and ethanol.  

To estimate the contributions of ONOOH and other unidentified reactive species to 1,4-D 

degradation, 50 mM ethanol was added to eliminate the combined contribution of HO• 

and ONOOH/ONOO- to 1,4-D degradation. The addition of ethanol modified the 
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branching ratios of the system with reference to HO• reactions, yielding the following 

table calculated using Equation 2 and the initial concentrations of major constituents: 

Table C-3 Branching ratios at a Cl2-to-NH3molar ratio of 1.5 during ethanol scavenging 

experiments 

Component Rate Constant Initial 
Concentration 

Branching Ratio Reference 

NH3 9.7×107 M-1s-1 2 mM 0.2% 3 
HOCl 2.0×109 M-1s-1 3 mM 5.9% 4 
1,4-dioxane 3.1×109 M-1s-1 250 µM 0.8% 2 
Ethanol 1.9×109 M-1s-1 50 mM 93.2% 1 

 

In comparison to tert-butanol, ethanol attenuates the degradation of 1,4-D to a greater 

degree (Figure S3), apparently by forming an adduct with ONOOH/ONOO-; in turn 

preventing the formation of HO• from ONOOH decay while also scavenging HO• 

directly.6 By reacting with ONOOH, ethanol also prevents a possible direct reaction 

between ONOOH/ONOO- and 1,4-D. At 50 mM ethanol, all HO• reacts with ethanol; 

however, rate constants are not available for the reaction of 1,4-D with ONOOH/ONOO- 

so it was assumed that ONOOH is fully sequestered by ethanol due to the difference in 

1,4-D and ethanol concentrations (250 µM 1,4-D versus 50 mM ethanol). With the 

addition of 250 mM ethanol, overall, 1,4-D removal was lowered by 76% at a 1.5 

Cl2:NH3 molar ratio. The contribution of ONOOH/ONOO- to 1,4-D degradation was in 

turn calculated using the following equation (Eq 4): 

Equation 6 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝐵𝐴 − 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝐻 = 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑁 𝐻 
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Where RemovalTBA is the 1,4-D removal observed in the tert-butanol scavenged 

experiments, RemovalEtOH is the removal observed in the ethanol scavenged experiments, 

and RemovalONOOH is the removal associated with direct reaction of 1,4-D with ONOOH. 

Based on the calculations from scavenging experiments, HO• and ONOOH together 

accounted for 87% of 1,4-D degradation (side bar in Figure 1). The remaining 12% was 

attributed to other yet unidentified reactive species, possibly other nitrogen radicals (e.g., 

NO2
• or NO•) or incomplete scavenging of ONOO-/ONOOH. There remains the 

possibility of a reaction with ClO•
 from the reaction of HO• with HOCl, however, ClO• 

has not previously been reported to react with 1,4-D or similar compounds. 

 

Text S2 The branching ratio of HCO3- reaction with HO•, and the impact of pH on 

breakpoint chlorination-based oxidation. 

Figure S4A features the branching ratio of HCO3
- reaction with HO• versus 1,4-D 

reaction with HO•, with a second data series detailing the proportion of ONOOH that will 

form HO• versus the proportion of ONOO- that will react with CO2 in the system, 

precluding ONOOH and thus HO• formation. These branching ratios are calculated using 

Equation 2, discussed in Text S1. Calculation of the HCO3
- describes only a simple 

scenario, omitting other major actors in the system. The branching ratio is between only 

two reactions: 

(1) 𝐻𝑂• + 1,4 − 𝐷 → 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠 k1 = 3.1×109 M-1s-1 1 

(2) 𝐻𝑂• + 𝐻𝐶𝑂3
− → 𝐶𝑂3

•− + 𝐻2𝑂  k2 = 8.5×106 M-1s-1 2 



 

181 
 

The branching ratio was calculated as a function of changing HCO3
- concentration as 

shown in the figure. 

The series showing the branching ratio of ONOOH generating HO• considers the 

following pair of reactions: 

(3) 𝑂𝑁𝑂𝑂𝐻 → 𝐻𝑂• + 𝑁𝑂2
•  k3 = 3.5×10-1 s-1 7 

(4) 𝑂𝑁𝑂𝑂− + 𝐶𝑂2 → 𝑂𝑁𝑂𝑂𝐶𝑂2
− k4 = 2.9×104 M-1s-1 7 

The branching ratio was then calculated as a function of CO2 concentration to yield figure 

S4A. 

 

Figure S4B shows the impact of pH on 1,4-D removal at the first point in the series. 

Without added CO2 or HCO3
-, there is a 55% decrease in the removal of 1,4-D just from 

the pH change. This could be due to a few factors. First, the hydrolysis of NHCl2 is more 

rapid at higher pH values, this is observable in the stability of NHCl2 being much lower 

in high pH conditions and much higher around pH 4~6. With more stable NHCl2 comes 

lower production of NH2OH, an important intermediate to the production of ONOO- and 

eventually HO•. However, ONOO-/ONOOH are also in equilibrium with a pKa of 6.8.7 

At lower pH, ONOOH should be more prevalent and produce more HO•. The decrease in 

1,4-D removal and thus HO• production directly implies that the change in pH is shifting 

the production of certain intermediate species, likely NH2OH, preventing the production 

of HO•. 
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Figure C-1 The distribution of chloramines and free chlorine at pH 7 versus varying free 

chlorine dosages (0.3 – 6.0 mM) to 2 mM ammonia after 5 minutes reaction time. Total 

chlorine is the sum of all detected chlorine species (i.e., HOCl, NH2Cl, and NHCl2). 
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Figure C-2 1,4-dioxane degradation versus reaction time during breakpoint chlorination 

at pH 7. [TOTPO4] = 40 mM, [NH3]0 = 2 mM, and [1,4-D]0 = 250 µM. Cl2-to-N refers to 

the molar ratio of free chlorine to NH3, where 0.5, 1.5, and 3.0 refer to 1 mM, 3 mM and 

6 mM of free chlorine addition, respectively.  
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Figure C-3 Effects of radical and/or other reactive species scavenging during breakpoint 

chlorination at a Cl2-to-NH3 molar ratio of 1.5, with addition of either 100 mM tert-

butanol or 50 mM ethanol, as compared to breakpoint chlorination in the absence of 

added scavengers. Solutions were buffered to pH 7 using [TOTPO4] = 40 mM, with 

[NH3]0 = 2 mM, [HOCl]0 = 3 mM, and [1,4-D]0 = 250 µM. 
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Figure C-4 A) Theoretical branching ratios of HO• reaction with HCO3
- (R15) vs. with 

1,4-D (R11), and of ONOOH reaction to form HO• (R10) versus reaction with CO2 

(R14). B) Non-normalized data from CO2 (pH 4) and HCO3
- (pH 7) experiments showing 

the impact of pH on 1,4-D removal efficiency. pH 7 was maintained with 40 mM 

phosphate buffer, whereas pH 4 was achieved with HClO4 titration and without buffering. 

[1,4-D]0 = 250 µM, [NH3]0 = 2 mM, [HOCl]0 = 3 mM. 
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Appendix D  
Supporting information for Chapter 5 

 

  



 

188 
 

 

Figure D-1 The distribution of chloramines and chlorine during the dark breakpoint 

reaction. Detected using standard DPD method at pH 7, in the presence of 250 µM 1,4-

dioxane. NH3 = 2 mM, TOTPO4 = 40 mM. HOCl = 0.5 mM ~ 6.0 mM 
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Figure D-2 The pseudo-first order rate of the first phase ( 100 mJ/cm2 or 60 seconds) of 

reaction versus the second phase ( 1000 mJ/cm2 or 10 minutes) of reaction across the 

molar ratios. NH3 = 2 mM, 1,4-dioxane = 250 µM, Free Chlorine = 0.5 mM ~ 6.0 mM, 

TOTPO4 = 40 mM 
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Figure D-3 The fluence normalized pseudo-first order rate constant of 1,4-dioxane 

removal in the second phase of reaction, showing the divergence of the observed rate 

from the calculated UV/Monochloramine rate. Calculations were based on the 

concentration of NH2Cl which should be present at a specific molar ratio based on the 

data in Figure D-1 
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