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Abstract  

Disinfection of drinking water is crucial for providing a safe potable water supply. Some of the 

most common disinfectants employed are chlorine, chloramines and ozone. While these 

disinfectants successfully inactivate pathogenic microorganisms, they simultaneously react with 

inorganic or organic precursors to form toxic byproducts, most commonly referred to as 

disinfection byproducts (DBPs). While there is a wide variety of organic matter and disinfection 

byproducts known, in this study we have looked into the potential of certain quaternary 

ammonium compounds (QACs) to act as precursors to form DBPs, namely trihalomethanes 

(THMs), haloacetonitriles (HANs) and nitrosamines.  

The ubiquitous nature of QACs in municipal, hospital and industrial wastewater has motivated 

the need to investigate the potential of these compounds to form DBPs upon reaction with 

chlorine, monochloramine and ozone. Seven QACs, namely benzalkonium chloride (BZK), 

benzethonium chloride (BEC), tetraethylammonium chloride (TEAC), tetramethylammonium 

chloride (TMAC), cetylpyridinium chloride (CPC), dodecyltrimethylammonium chloride 

(DTMA), and cetyltrimethylammonium (CTMA), were considered in this study based on their 

structural differences as well as their presence in consumer products. Due to incomplete removal 

during wastewater treatment, these QACs end up in wastewater effluent, and, ultimately, in 

surface waters serving as drinking water sources. 

When these seven QACs spiked at 0.1 mM were subjected to reaction with free chlorine (5 mg/L 

as Cl2), trichloromethane was the dominant THM that was formed in the order of 
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TMAC<TEAC<BEC<CPC<DTMA<CTMA<BZK ranging from a molar yield of approximately 

155 to 6700 µmol/mol. Upon reaction with monochloramine (140 mg/L as Cl2), 

trichloromethane formed was in the order of TMAC<TEAC<DTMA<CTMA<BZK<BEC<CPC 

ranging from a molar yield of approximately 36 to 3140 µmol/mol. In the presence of bromide, a 

considerable shift in the THM speciation to more brominated species was observed as the 

concentration of bromide in the matrix increased from 0 to 50 µg/L and from 50 to 500 µg/L. 

In the case of HANs, dichloroacetonitrile was the dominant species formed upon reaction 

between the seven QACs spiked at 0.1 mM and monochloramine (140 mg/L as Cl2) in the order 

of TMAC<TEAC<CTMA<DTMA<CTMA<BZK<BEC<CPC with molar yield values ranging 

from 4.5 to 4000 µmol/mol. Dichloroacetonitrile formation by QACs spiked at 0.1 mM on 

reaction with free chlorine (5 mg/L) followed the order of 

TMAC<TEAC<DTMA<BEC<CTMA<BZK<CPC ranging from 8.3 to 980 µmol/mol. In the 

presence of bromide, a shift in speciation was observed as the concentration of bromide in the 

matrix increased from 0 to 50 µg/L and from 50 to 500 µg/L. 

Formation of N-nitrosodimethylamine (NDMA) was observed only during chloramination. Of 

the seven QACs included in this study, benzethonium chloride and benzalkonium chloride were 

the only compounds that yielded detectable concentrations of NDMA. This is the first time the 

NDMA yield for benzethonium chloride has been reported as a result of chloramination, and the 

yield is approximately 3 times higher compared to the yield from the widely studied 

benzalkonium chloride. No other nitrosamines were detected, even though TEAC could 

potentially form N-nitrosodiethylamine. 
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This is the first study that shows that during the process of disinfection, BEC, CPC and BZK 

could form HANs, BEC and CPC could form THMs, and BEC could form NDMA. This study 

also investigated the potential of QACs to form brominated disinfection byproducts during 

disinfection treatment in the presence of bromide. Lastly, the prediction of DBP concentrations 

formed during the disinfection of water containing environmentally relevant concentrations of 

QACs was also performed. THMs and HANs formed either due to chlorination or 

chloramination of all of the 7 QACs (400 µg/L) was relatively low, i.e., less than 2 µg/L and 1 

µg/L respectively, based on the prediction. The predicted concentration of NDMA formed due to 

chloramination of BEC and BZK are in the range of 22-50 ng/L. Although the DBPs formed due 

to the reaction of QACs with disinfectants is of lower concentration compared to regulations, it 

will still contribute to the total DBPs formed in a water treatment facility. Hence, care must be 

taken for proper removal of these QACs prior to discharge of wastewater effluent or disinfection 

of drinking water.  
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Chapter 1 – Introduction, Objectives, Research Questions, 

and Hypotheses  

Introduction 

Over the recent years, contaminants such as pesticides, pharmaceuticals, surfactants, and 

disinfection byproducts (DBPs) have been a major concern due to their ubiquitous occurrence in 

the aqueous environment as well as drinking water treatment plants (Bond et al., 2011; Grassi et 

al., 2012; Mezzelani et al., 2018). In order to eliminate the risk of pathogenic infections, 

disinfection is carried out at the water treatment plants. Amongst the disinfectants, chlorine is 

widely employed on account of its efficiency in terms of cost as well as inactivation of the 

pathogens. However, besides killing bacteria and other pathogens, these disinfectants tend to 

react with natural organic matter (NOM) to form toxic compounds that are most commonly 

referred to as DBPs. Chlorine, upon reaction with NOM, tends to form compounds such as 

trihalomethanes (THMs) and haloacetic acids (HAAs). Four of the regulated trihalomethanes—

namely trichloromethane, tribromomethane, dichlorobromomethane and 

chlorodibromomethane—are categorized as total trihalomethanes (TTHM). Five of the regulated 

HAAs are monochloroacetic acid, dichloroacetic acid, trichloroacetic acid, monobromoacetic 

acid and dibromoacetic acid. 

In order to avoid/minimize the formation of TTHM and HAAs, alternative chemical disinfectants 

such as chloramines, ozone, and chlorine dioxide have come into play. While these disinfectants 

do not form as much TTHM or HAAs, chloramination and ozonation give rise to various other 

DBPs, which are unregulated, upon reaction with the relevant precursors. In fact, over 700 DBPs 
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were identified in drinking water systems (Richardson and Plewa, 2020). In addition to the 

regulated THMs and HAAs, two frequently reported DBP groups include haloacetonitriles 

(HANs) and nitrosamines which are unregulated at the federal level. There is a wide variety of 

health risks associated with the presence of DBPs in drinking water, and the toxicity varies, i.e., 

some largely unregulated DBP groups such as nitrosamines and HANs are relatively more toxic 

than some of the regulated DBP groups such as THMs and HAAs. In fact, toxicity varies within 

a group of DBPs based on speciation.  For example, brominated and iodinated THMs and HANs 

are relatively more toxic than their chlorinated analogues (Echigo et al., 2004; Parvez et al., 

2011; Hanigan et al., 2017). Epidemiological data over the years have shown that chronic 

exposure to THMs could lead to bladder cancer (Villanueva et al., 2015; Villanueva et al., 2003). 

Lin et al. (2016) demonstrated that zebrafish exposure to dichloroacetonitrile resulted in heart 

function alteration and neuronal function disturbance. Another study showed that chronic 

consumption of N-nitrosodimethylamine (NDMA), an unregulated but frequently detected 

nitrosamine, could possibly lead to upper aerodigestive tract cancer (Rogers et al., 1995).  

Surfactants, most particularly the cationic species, are considered potential DBP precursors. In 

particular, they are known to react with chloramines to form NDMA (Chang et al., 2011; 

Ul'yanovskii et al., 2020). Quaternary ammonium-based surfactants, such as benzalkonium 

chlorides, are amongst the most common forms of cationic surfactants (Palmer et al., 2018).  

Cationic surfactants, most of which are quaternary ammonium compounds (QACs) are found in 

numerous personal care products and also in fabric softeners, biocides and textile effluent (Bergé 

et al., 2017; Koner et al., 2011). One of the major sources of benzalkonium chlorides (BZK), a 

group of QACs, is hospital wastewater (Kümmerer et al. 1997; Carbajo et al., 2016). Being 
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biocidal in nature, biological degradation of QACs is limited (Koner et al., 2011), thereby 

allowing QACs to be introduced into the aquatic environment through wastewater effluent 

(Ishiguro et al., 2007; Zhu et al., 2018). It was also mentioned that the increase in the alkyl chain 

length of the quaternary ammonium compounds decreases the rate of biodegradation (Garcia et 

al., 2001). 

With the rise in the number of DBPs discovered in aqueous systems, it is important for 

researchers to investigate the possible precursors as well. Knowledge and understanding of the 

variety of precursors are limited. There is very little information on QACs as precursors for 

DBPs upon ozonation, chloramination and chlorination. There is also very little evidence on the 

speciation of DBPs formed due to the reaction between QACs and disinfectants. All these 

research gaps form the basis of the objectives for this study. Moreover, given the current 

circumstances of COVID-19, quaternary ammonium compounds are found as an active 

ingredient in the composition of about 216 USEPA-recommended disinfectants that can be used 

to inactivate SARS-CoV-2 virus (Hora et al., 2020). This could mean a possible rise in the 

concentration of these quaternary ammonium compounds in water sources, thus making them 

potential DBP precursors of interest during the COVID-19 pandemic. 

Objectives: This research aims to investigate the disinfection byproduct formation potentials of 

quaternary ammonium surfactants on reaction with chlorine, chloramine and ozone. We will also 

be looking at how speciation changes in the presence of bromide. The former part of the 

objective will provide us with information that fills several research gaps in the current literature 

related to quaternary ammonium compounds as precursors for DBPs. The latter part of the 

objective will give us insight into the speciation of DBPs during disinfection of water containing 
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bromide, which affects the toxicity of the disinfected water. The results of this research will be a 

valuable addition to the body of knowledge for the scientific community working on DBPs and 

its precursors. 

Based on the objectives and identified research gaps, the research questions (RQ) and the 

corresponding hypotheses developed are as follows: 

RQ 1: Do quaternary ammonium compounds have the potential to form THMs, HANs and 

NDMA upon treatment with chlorination? 

Hypothesis 1 and Justification: Studies have shown that the benzalkonium chlorides, one group 

of cationic surfactants, have high potentials to form THMs & HAAs upon chlorination. 

However, their ability to form HANs has not been explored. Since QACs have the ability to form 

both carbonaceous and nitrogenous DBPs (Bond et al., 2011), it can be expected that they may 

also form HANs, which are nitrogenous DBPs. QACs are not expected to form nitrosamines 

upon reaction with free chlorine, since secondary, tertiary and quaternary amines only form 

nitrosamines through reaction with chloramines (Mitch and Sedlak, 2004; Selbes et al., 2013). 

RQ 2: Do quaternary ammonium compounds have the potential to form THMs, HANs and 

NDMA upon treatment with chloramination? 

Hypothesis 2 and Justification: Studies have shown the ability of certain quaternary 

ammonium compounds to form nitrosamines upon chloramination (Kemper et al., 2010a; 

Piazzoli et al., 2018a). However, there is a gap in literature regarding the potential of these 

surfactants to form THMs and HANs upon chloramination. Although it can be expected that 

chloramination forms relatively fewer THMs compared to chlorination, the presence of nitrogen 
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in monochloramine could accentuate the formation of HANs, which are nitrogenous DBPs. As 

these precursor compounds contain a dimethyl amine group (a group present in known NDMA 

precursors), I hypothesize that these QACs may yield NDMA upon chloramination.  

RQ 3: Do quaternary ammonium compounds have the potential to form nitrosamines upon 

treatment with ozonation? 

Hypothesis 3 and Justification: Studies have shown that ozonation of quaternary ammonium 

compounds reduced the surfactant concentration by 50% (Dantas et al., 2009), which means the 

surfactants reacted with ozone. However, that particular study did not investigate the resulting 

transformation products. This means that, there is a possibility that some of the post-ozonation 

products could potentially be nitrosamines. In fact, Carbajo et al. (2016) studied the degradation 

pathway of benzalkonium chloride, and two of the intermediates formed were a known 

precursor, benzyldimethylamine (Bei et al., 2016), and a probable precursor 

dodecyltrimethylamine, which could form N-nitrosamines due to the presence of the 

trimethylamine functional group (Sun et al., 2010; Liu et al., 2014). 

RQ 4: Does the presence of bromide affect the speciation of DBPs upon chlorination, 

chloramination and ozonation? 

Hypothesis 4 and Justification: The presence of bromide will increase the concentration of 

brominated DBPs. This is because studies show that the affinity of bromine species towards 

substitution, with respect to the chlorine species, is relatively higher (Bond et al., 2011). This 

aspect is important to confirm with experimental studies because brominated species are 
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relatively higher in toxicity. Thus, it is essential to understand if bromide presence is a 

concerning factor for all three common chemical disinfectants.  
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Chapter 2 – Literature Review 

2.1 Disinfection in Water and Wastewater Treatment 

The process of disinfection in water wastewater treatment is the inactivation of pathogenic 

microorganisms that could be detrimental to human and aquatic health by means of destroying 

the cellular structure of the microorganism, disrupting its metabolism and biosynthesis 

mechanisms (Hua and Reckhow, 2007).  By doing so, we can ensure that the drinking water 

meets the regulations and standard and thereby does not cause pathogenic infections upon 

consumption.  

Disinfection can be achieved by using certain chemicals such as chlorine, chlorine dioxide, 

monochloramines, and ozone, and by non-chemical methods such as ultraviolet light. The choice 

of the disinfectant is governed by various factors such as chemical and biological conditions of 

the water that is to be treated, operator preferences and most importantly cost. While these 

chemical disinfectants inactivate the pathogens, they tend to form toxic compounds upon 

reaction with certain organic matter. These toxic compounds formed are often referred to as 

DBPs and the organic matter which reacts with these disinfectants are called precursors. 

2.2 Chlorine 

Chlorine, a highly reactive and strong oxidizing agent, has been one of the most commonly used 

disinfectants in the water treatment process (National Academy of Sciences, 1980). Chlorine, 

once added to water, forms hypochlorous acid and hypochlorite ions. At a lower pH, the 

concentration of hypochlorous acid is dominant, and at higher pH the concentration of 
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hypochlorite ions is dominant. The term free chlorine refers to the combined concentrations of 

hypochlorous acid, hypochlorite ions and molecular chlorine in an aqueous solution. Chlorine is 

the most widely used disinfectant primarily due to its stability, cost and performance (Lee and 

Westerhoff, 2009; McGuire, 2006; Yang et al., 2012). 

While chlorine is a very good disinfectant, it contributes to the formation of byproducts, some of 

which are toxic, upon reaction with natural organic matter such as humic and fulvic acid. The 

two main disinfection byproducts formed due to chlorination are TTHMs and HAAs. Four of the 

regulated trihalomethanes in the United States are trichloromethane, bromoform, 

dichlorobromomethane and chlorodibromomethane. The five regulated HAAs are 

monochloroacetic acid, dichloroacetic acid, trichloroacetic acid, monobromoacetic acid and 

dibromoacetic acid. Besides, the regulated DBPs such as THMs and HAAs, chlorination also 

contributes to the formation of highly toxic haloacetonitriles (Chu et al., 2017; Huang et al., 

2016; Shah et al., 2011) 

2.3 Chlorine Dioxide 

Chlorine dioxide (ClO2) is formed through the reaction between chlorine and sodium chlorite 

(Aieta and Berg, 1986). ClO2 is an alternative to chlorine in the process of disinfection since it 

forms relatively low concentrations of TTHMs and HAAs when compared to the latter; however, 

ClO2 gives rise to the production of regulated chlorite and chlorate ions (Gan et al., 2016). In 

drinking water treatment, about 70% of the chlorine dioxide is converted to chlorite and 30% to 

chlorate (Werdehoff and Singer, 1987). The United States Environmental Protection Agency 

(USEPA 1999) recommends not to use ClO2 as a disinfectant if the oxidant demand is greater 
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than 1.4 mg/L. Otherwise, it will lead to excessive chlorite generation beyond its maximum 

contaminant level (MCL) of 1 mg/L.  

2.4 Chloramines 

Chloramines are formed by the reaction between chlorine and ammonia (USEPA 1999). On 

account of its biocidal property, there has been a progressive rise in the use of chloramines as a 

substitute to chlorine for secondary disinfection in order to limit the formation of halogenated 

disinfection byproducts such as THMs and HAAs (Krasner et al., 2013). However, studies have 

shown that chloramination contributes to the formation of NDMA, a carcinogenic agent (Roux et 

al., 2012). The NDMA formation mechanism during chloramination generally involves 

nucleophilic substitution between monochloramine and dimethylamine with unsymmetrical 

dimethylhydrazine as an intermediate compound (Mitch and Sedlak, 2001; Choi and Valentine, 

2002). Research has also shown that chloramination contributes to highly toxic haloacetonitriles 

(Muellner et al., 2007; Yang et al., 2007).  

 

2.5 Ozone 

Ozone, due to its instability, is produced on site for the purpose of water disinfection by 

decomposition of diatomic oxygen (Weinberg et al., 1993). Ozone rapidly decomposes to 

oxygen. Since there is no long-term residual disinfectant concentration in the aqueous matrix to 

prevent any further microbial contamination, ozone is not used as a substitute to chlorine or 

chloramine as a final disinfectant in water treatment. However, it is very effective in the 

inactivation of certain microbes such as Cryptosporidium and Giardia which are generally 

resistant to chlorine disinfection (Park et al., 2016).  
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Ozone, too, contributes to the formation of disinfection byproducts. Some of the ozone-

associated DBPs include aldehydes, ketones and di-carbonyls (Richardson et al., 2000). Studies 

have also shown that precursors with dimethylamine bonded to a nitrogen atom result in the 

formation of NDMA upon ozonation (Gunten et al., 2010; Marti et al., 2015).  Additionally, it 

has been shown that ozonation followed by subsequent chloramination increased the formation 

of halonitromethanes via the oxidation of amines (Yang et al., 2012). In the presence of bromide, 

ozonation also contributes to bromate (Von Gunten and Hoigne, 1994), an inorganic DBP; 

however, this study focuses only on formation of organic DBPs.    

2.6 UV 

In order to avoid the formation of chlorinated disinfection byproducts, attempts have been made 

to provide a safer alternative disinfection technology that meets the stringent microbial 

contaminant standards employed in wastewater treatment systems. Ultraviolet irradiation is one 

such technology. The most pronounced technique to produce UV light is by passing an electric 

arc through a mercury vapor lamp. UV light in the electromagnetic spectrum resides between 

wavelengths of 40 – 400 nanometers and is classified into UV-A, UV-B and UV-C based on the 

wavelength (Malley and Burris, 2004). UV light is mostly germicidal at wavelengths below 265 

nanometers, i.e. UV-C (Malley and Burris, 2004). The thymine bases on DNA and RNA of the 

microbes react with UV light and inhibit the replication of nucleic acids, thus preventing 

microbes from reproducing (Malley and Burris, 2004). Several studies were conducted that 

demonstrate the ability of UV technology to effectively inactivate a majority of Giardia cysts 

and Cryptosporidium oocysts in drinking water, which are typically resistant to chlorine 

disinfection (Linden et al., 2002; Liberti et al., 2003).  
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While UV disinfection minimizes the chances to form known disinfection byproducts, the 

technology is negatively affected by the presence of suspended particles in the water matrix 

(Jolis et al., 2001). The suspended particles shield the microbes from the UV radiation; thus, total 

disinfection of the water is prevented (Farrell et al., 2018; Jolis et al., 2001; Wu et al., 2005). 

Additionally, UV does not provide residual disinfection effect as well unlike chlorine. It is 

important to note that there is a lack of information on DBPs formed due to UV disinfection.  

2.7 Hybrid Disinfection Process 

The ultimate goal in the process of disinfection of wastewater is inactivating microbes while at 

the same time limiting the formation of disinfection byproducts. This can be achieved by using a 

combination of disinfection methods. One such approach involves primary disinfection using a 

non-chlorine disinfectant followed by secondary disinfection using a chlorine-based disinfectant. 

By doing so, the amount of chlorine used would be lower, thereby minimizing the formation of 

regulated disinfection byproducts (Chin and Berube, 2005). Fang et al. (2014) reported 

synergetic effects of UV/ozone co-exposure in the inactivation of E. coli with an increased 

efficiency at ozone concentrations as low as 0.05 mg/L. A similar conclusion was obtained for 

the inactivation of B. subtilis (Jung et al., 2008). Sequential UV-ozone disinfection showed a 

significant improvement in the inactivation of bacteriophage MS2 by 0.8 log kill at ozone and 

UV dose of 0.1 mg/L and 8.55 mJ∙cm-2 respectively (Fang et al., 2014). Driedger et al. (2000) 

demonstrated a synergetic inactivation of Cryptosporidium parvum through sequential 

disinfection using ozone and free chlorine wherein ozone enabled the damage of the oocyst wall, 

thereby allowing enhanced permeation of chlorine through the oocyst wall. Likewise, a 

synergistic inactivation of B. subtilis spores was achieved using sequential ozone-chlorine 
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disinfection (Cho and Chung, 2003). A combined i.e., hybrid disinfection system is shown to 

reduce the formation of DBPs in certain cases (Cheema et al., 2018). However, in a study that 

investigated the formation of DBPs from amino acids under UV/chlorine conditions, the 

formation of DBPs increased (Deng et al., 2014; Gerrity et al., 2009). This is attributed to the 

photolytic degradation of the amino acids to primary amines which are well known precursors 

compared to the polyamines, thereby promoting enhanced DBP formation (Deng et al., 2014). 

2.8 Regulations for DBPs  

Disinfection is an important process in any drinking water treatment system. However, the toxic 

byproducts formed as a result of this process are a health concern. It is therefore essential to set 

regulatory limits for their presence in drinking water. The guidelines and/or regulatory limits for 

DBPs set by different agencies are listed in Table 2-1.  

 

Table 2-1 Regulatory and guideline values of DBPs for drinking water 

Regulatory agency DBP MCL/guideline value 
U.S. EPAa TTHMs 0.08 

5 HAAs 0.06 
Chlorite 1.0 
Bromate 0.01 

WHOb TrichloromethaneTrichloromet 0.3 
 Tribromomethane 0.1 
Chloroacetic acid 0.02 
Dichloroacetic acid 0.05 
Trichloroacetic acid 0.2 
Chlorite 0.7 
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Bromate 0.01 
Dichloroacetonitrile  0.02 
Dibromoacetonitrile 0.07 
N-Nitrosodimethylamine 1 × 10-4 

European Union standard TTHMs 0.1 
Bromate 0.01 

aUSEPA (1998), bWHO (2011), cEuropean Commission (1998) 

 

2.9 Occurrence of DBPs 

DBPs in source water, treated water and distribution systems are reported by multiple agencies 

and research groups across the world. In a study that analyzed the water samples from public 

water systems across Massachusetts, the average TTHM concentration was 40.9 µg/L with 10% 

of the samples exceeding 78.4 µg/L (Parvez et al., 2011). A similar study showed average 

TTHM concentrations of 21.6-59.9 µg/L in three water distribution systems located in France 

(Mouly et al., 2010). The tap waters in the Jinhua region of Zhejiang, China had average HAAs 

concentrations of 15.3 µg/L. The concentration of HAA5 in the waters of Taiwan was as high as 

38.9 µg/L in the year 2007 (Chang et al., 2009). The surface waters in Newfoundland and 

Labrador, Canada had an average HAAs concentration of 129.2 µg/L whereas groundwater had 

an average HAAs concentration of 27.7 µg/L (Chowdhury, 2018). Several studies have observed 

the occurrence of HANs in natural waters. In a survey that sampled effluents from 23 different 

wastewater treatment plants across the US, observed HANs concentrations were 0.9-30 µg/L 

upon chlorination (Simpson and Hayes, 1998). The concentration of HANs in the wastewaters in 

Australia was as high as 36 ppb. Bond et al. (2011) stated in their review that the occurrence of 

these compounds in Scottish waters was quite low, on the order of 1 ppb. In general, disinfection 
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using chlorine tends to form THMs, HAAs and HANs; chloramine tends to form HANs and 

nitrosamines (NOAs), and ozone tends to form NOAs and aldehydes. Table 2-2 summarizes 

DBP concentrations as a result of using different disinfectants (as stated in literature). 
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Table 2-2 Range of reported concentration of DBPs in drinking water sources.  

                 DBPs 

Disinfectant 

THMs HAAs Nitrosamines HANs 

Ozone <40 µg/L1 
28.88 µg/L3 

<35 µg/L1 

<10-143 ng/L6,7 
0.08-0.11 

µmol/mmolC 14 

Chlorine 
39-112 µg/L2 

<50-419 µg/L12 

80-244 µg/L2 

<20-135 µg/L12 

3.3-40 ng/L4,5 <20 µg/L9,11 

Chloramine 
<50-200 µg/ L13 

0-<5 µg/ L13 

<20-50 µg/L12,13 18-65 ng/L4,5 3-12 µg/L7 

Chlorine dioxide <1.5 µg/L10 <6 µg/L10 <10-70 ng/L8 NA 

NA – Not Available 

1Wert and Rosario-Ortiz, (2011); 2Rodriguez et al., (2002); 3Dojilido et al., (1999); 4Nawrocki 

and Andrzejewski, (2011); 5Charrois et al., (2007); 6Zhao et al., (2008); 7Bond et al., (2011); 

8Huang et al., (2016); 9Kozari et al., (2020); 10Yang et al., (2013a); 11Yang et al., (2013b); 

12Goslan et al., (2009); 13Cynthia et al., (2010); 14De Vera et al., (2015). 

 

2.10 TTHM 

The regulated trihalomethanes, namely trichloromethane, tribromomethane, 

dichlorobromomethane and chlorodibromomethane (Wang et al., 2007), are generally referred to 

as TTHM.  They are primarily formed as a result of chlorination of waters containing relevant 



 

16 

 

DBP precursors. However, chloramination also results in TTHM formation although at a 

relatively lower concentration compared to free chlorination.  

2.10.1 Mechanism of TTHM Formation 

TTHM are formed during the disinfection of drinking water using chlorine followed by 

sequential reaction of the disinfectant with natural organic matter. Rook (1967) showed that the 

meta-dihydroxylated aromatic rings in the structure of natural organic matter are the most 

reactive sites involved in the formation of halomethanes. The formation of trihalomethanes is 

time sensitive and the concentration can increase even after a several hours of halogen contact 

time (Trussell, 1978). As a result of this, consumers at the extreme end of the distribution system 

are more susceptible to higher concentrations of TTHM (Rodriguez and Sérodes, 2001; Williams 

et al., 1998). Further, the presence of iodide and bromide in the aqueous matrix could result in 

the formation of iodinated and brominated trihalomethanes (Liu et al., 2017; Nokes et al., 1999). 

As mentioned earlier, while free chlorine is not the only disinfectant that forms TTHM, other 

chlorine-based disinfectants such as monochloramine also contributes to a relatively lower 

concentration of TTHM (Bougeard et al., 2010; Hong et al., 2013). 

2.10.2 Toxicity of TTHM 

The consumption of water containing TTHM at concentrations above regulatory limits could be 

detrimental to health due to its proven carcinogenic effects. Studies have shown that TTHM are 

hepatotoxic in nature resulting in liver and renal tumors (Lilly et al., 1997; Melnick et al., 1998; 

Simmons and Pegram, 1998). Mutagenic effects such as low birth weight and stillbirth cases 

were associated with patients who were exposed to higher doses of TTHM (Toledano et al., 
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2005; Wright et al., 2004). Literature shows that amongst the halogenated DBPs, the brominated 

and iodinated compounds are substantially more cytotoxic and genotoxic than the chlorinated 

counterparts (Echigo et al., 2004; Parvez et al., 2011; Richardson et al., 2008; Sharma et al., 

2014).  Cytotoxicity studies using mammalian cells showed that exposure to 

bromodichloromethane led to cell necrosis for exposure times larger than 24 hours (Lilly et al., 

1997; Pagé-Larivière et al., 2016). A genotoxicity study stated that bromodichloromethane and 

tribromomethane exposure on mammalian cells instigated DNA damage (Geter et al., 2004). 

2.10.3 Detection of TTHM 

The EPA method 501.3 is used for the detection and analysis of the four regulated 

trihalomethanes. The method uses a gas chromatograph with mass spectrometry GC/MS in 

selected ion monitoring setting and has method detection limits of 0.06, 0.07, 0.05 and 0.04 µg/L 

for trichloromethane, bromodichloromethane, chlorodibromomethane and bromoform 

respectively. High purity helium or nitrogen is bubbled through the sample matrix as a result of 

which TTHM are purged. The purged volatile compounds are then trapped, i.e., sorbed onto a 

porous polymer, most commonly 2,6-diphenyl-p-phenylene oxide. The trapped compounds are 

then heated and flushed with helium into the GC/MS system. 

2.11 Haloacetonitriles 

Haloacetonitriles (HANs), while not present in water matrices at concentrations comparable to 

the regulated DBPs, are however, relatively more toxic (Ma et al., 2014). The HANs analyzed in 

this study are chloro-, bromo-, dichloro-, dibromo-, bromochloro-, bromodichloro-, 

dibromochloro-, and trichloro- acetonitrile (CAN, BAN, DCAN, DBAN, BDCAN, DBCAN, and 
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TCAN respectively). They are usually formed during chloramination or chlorination of waters 

containing NOM or effluent organic matter (Yang et al., 2012).  

2.11.1 Mechanism and Occurrence of HANs 

In order to limit and control the formation of regulated disinfection byproducts such as TTHM 

and HAA5, water providers tended to shift towards using alternate disinfection techniques like 

chloramination and ozonation (Bond et al., 2011). However, this shift in the disinfection process 

ultimately led to the formation of nitrogenous DBPs that are relatively more toxic than the 

regulated ones (Lin et al., 1986; Lipscomb et al., 2008; Yang et al., 2010). HANs are one such 

nitrogenous DBP group.  

The two most prominently proposed pathways to the formation of HANs during chlorination or 

chloramination are the decarboxylation and aldehyde pathway. In the decarboxylation pathway, 

organic nitrogen compounds are responsible for the nitrogen in HANs, whereas, in the aldehyde 

pathway, chloramines as disinfectants contribute to the nitrogen in HANs (Huang et al., 2012). It 

was demonstrated in a study that dichloroacetonitrile (DCAN) formed during the reaction of 

Suwannee River NOM and monochloramine had more that 70% of the nitrogen derived from 

monochloramine (Huang et al., 2012; Yang et al., 2010). This confirms that DCAN formation 

during chloramination follows the aldehyde pathway. In this pathway, monochloramine reacts 

with N-organic matter to form aldehydes which further react with monochloramine to give rise to 

nitriles. The formation of nitriles from the reaction between aldehydes and monochloramine is 

confirmed by Pedersen et al. (1999). It has been shown that ozonation increases the chances for 

the formation of aldehydes (Richardson et al., 1999; Weinberg et al., 1993). When ozonation is 

subsequently followed by chloramination, the reaction between the aldehydes and chloramine 
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could potentially form HANs, and the type of HANs formed depends on the N-organic precursor 

and the corresponding aldehydes (Shah and Mitch, 2012).  

2.11.2 Toxicity of HANs 

Several toxicology studies reveal that HANs are highly cytotoxic, genotoxic and carcinogenic in 

nature (Lin et al., 1986; Lipscomb et al., 2008; Muellner et al., 2007; Yang et al., 2013).  The 

cytotoxicity and genotoxicity of HANs are in the order of 

BAN > IAN≃DBAN > CAN > TCAN > DCAN and IAN > BAN ≈ DBAN > BCAN > CAN > 

TCAN > DCAN respectively (Lu et al., 2018; Muellner et al., 2007). In an experimental study, 

upon oral administration of HANs to rats, thiocyanate was found in the urine of the test subjects 

which inhibited the certain hepatic enzyme activity (Lin et al., 1986). Hanigan et al. (2017) 

demonstrated that brominated and iodinated HANs showed severe developmental effects in 

zebrafish. They also stated that dihalogenated- and trihalogenated-HANs are potentially more 

toxic than monohalogenated-HAN equivalents.  

2.11.3 Detection of HANs 

Sodium sulfate assisted liquid-liquid microextraction followed by programmed temperature-

GC/MS can be used for the detection/analysis of HANs in a water sample (Ma et al., 2014). The 

addition of sodium sulfate increases the ionic strength and decreases the solubility of the 

extraction solvent in water (Herrera-Herrera et al., 2010). This provides enhanced phase 

separation between the aqueous and organic phases. In this method, the achieved range of limits 

of detection and recoveries were 0.4-13.2 ng/L and 79.3-103.5% respectively with relative 

standard deviation less than 11.9% (Ma et al., 2014). Carter et al. (2019) demonstrated a similar 
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process for the simultaneous analysis of 25 nitrogenous DBPs that includes 9 HANs with 

detection limits ranging from 0.8-1.7 µg/L.  

2.12 Nitrosamines 

In order to limit the formation of regulated DBPs that are generally formed as a result of 

chlorination, water providers have switched to alternate disinfectants such as ozone and 

chloramines. N-ntrosodimethylamine is one of the molecules that has become more prevalent in 

water systems due to the switch to alternate disinfectants. These compounds have a general 

structure of the formula R2N-N=O where R is a representation of an alkyl group or ring. These 

DBPs are currently unregulated; however, their presence is of huge concern due to their 

carcinogenic nature (Muellner et al., 2007). These compounds are in the USEPA priority list of 

contaminants, where a cancer risk level of 0.7 ng/L is established (Muellner et al., 2007).  

2.12.1 Mechanism and Occurrence of Nitrosamines 

N-Nitrosodimethylamine (NDMA) formation in water is usually caused by the ozonation or 

chloramination of water matrices containing organic precursors with a quaternary amine 

functional group (Fiddler et al., 1977; Nawrocki and Andrzejewski, 2011). Literature shows that 

formation of NDMA via dimethylamine is possible through two major pathways, namely 

oxidation of unsymmetrical dimethylhydrazine (UDMH) and nitrosation. In the former pathway, 

chloramine as a disinfectant reacts with dimethylamine to form UDMH which upon subsequent 

oxidation forms NDMA (Mitch et al., 2003). It has been demonstrated that the oxidation of 

UDMH could lead to the formation of different molecules at varying pH, and the formation of 

NDMA via the oxidation of UDMH is favored at a neutral pH (Mitch and Sedlak, 2001). They 
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also showed that formation of NDMA is slow via this pathway; hence it is possible that the 

concentration of NDMA can increase over time in the presence of residual oxidants such as 

chloramine in the water distribution system (Mitch and Sedlak, 2001). In the latter mentioned 

pathway, i.e., nitrosation, nitrite reacts with dimethylamine with nitrosyl cation as an 

intermediate to form NDMA at low pH values (Mitch et al., 2003). Investigations have shown 

that ion exchange resins have also contributed to the formation of NDMA (Fiddler et al., 1977; 

Kimoto et al., 1980). This is because chlorine-/chloramine-containing water reacts with the 

quaternary amine functional groups in certain classes of resins, possibly following the UMDH 

pathway to form NDMA. The presence of nitrite further increased the concentrations of NDMA 

(Najm and Trussell, 2001).  

Literature has shown that NDMA formation is also caused by ozonation. Marti et al. (2015) 

demonstrated in their experiments that there are distinct groups of NDMA precursors for 

chloramines and ozone. The molar conversion yield of NDMA is higher when the precursors 

have a dimethylamine functional group directly attached to a nitrogen atom or separated from a 

nitrogen atom by a leaving group (Schmidt and Brauch, 2008). Ozonation of model compounds 

namely 2-F-dimethylhydrazine and daminozide resulted in NDMA molar yields of 61-78% in 

deionized water (Marti et al., 2015). The model compounds contain the building blocks of 

NDMA, i.e., dimethylamine and one other nitrogen is located at the outer portion in the structure 

of the precursor. Also, the presence of a double bond in the structure of 2-F-dimethylhydrazine 

makes it more reactive towards ozone. Studies reveal that there is not much significance to 

hydroxyl radicals in the formation of NDMA (Oya et al., 2008; Gunten et al., 2010). In fact, 

advanced oxidation using ozone/H2O2 had little to no effect on the formation of NDMA (Marti et 

al., 2015). 
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2.12.2 Toxicity of Nitrosamines 

The USEPA regards NDMA to be a probable B2 carcinogen (US Environmental Protection 

Agency, 2012). As a way of indicating carcinogenic risk of NDMA, the EPA has established an 

oral slope factor of 51 mg/kg/day (EPA IRIS 1993). NDMA intoxication in male Wistar rats 

showed signs of hepatic and renal DNA fragmentation (Adeleke and Adaramoye, 2017). 

Preneoplastic lesions were observed in the livers of White Leghorn chickens after the inoculation 

of NDMA and N-nitrosodiethylamine in the eggs (Kril et al., 2018). Despite the carcinogenicity 

of NDMA, it is not regulated; however, there is potential to regulate NDMA and other 

nitrosamines in the U.S. through the Safe Drinking Water Act. Several nitrosamines appear on 

the USEPA’s past contaminant candidate lists (CCL), namely CCL3 and CCL4, as well as the 

draft CCL5.  

2.12.3 Detection of NDMA 

NDMA, usually found in water matrices at concentrations in ng/L, requires sensitive methods for 

analysis. NDMA analyzed by liquid chromatography tandem mass spectrometry (LC-MS/MS) 

produced recoveries over 90% with a method detection limit of 2 ng/L. Due to the low 

environmental concentrations, a solid phase extraction procedure is done prior to analysis using 

LC-MS/MS. For solid phase extraction, samples passed through 1 g activated charcoal at a rate 

of 5 mL/min provided 98% NDMA recovery (Plumlee et al., 2008). In this research, GC-MS 

method is used for analysis of nitrosamines (which includes NDMA). However, prior to analysis, 

the samples were extracted by liquid-liquid extraction using a modified USEPA Method 521 

(Holady et al., 2012; Zeng and Mitch, 2015) due to the formation of nitrosamines in trace 

concentrations. 
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2.13 DBP Precursors 

DBP precursors are those compounds, which upon reaction with disinfectants such as chlorine, 

monochloramine, ozone, etc., form disinfection byproducts. A variety of organic substances may 

act as precursors, including decaying plant matter, pharmaceutical compounds, personal care 

products, industrial waste, and breakdown or biodegradation products.  

For instance, THM formation from pure bacterial cells such as E.coli during chlorination at 3 

mg/L of chlorine is as high as 46.7 µg/L (Wang et al., 2013). Chloramination at 140 mg/L of Cl2 

of Sheba hospital wastewater resulted in NDMA formation potential of up to 7300 ng/L (Sack et 

al., 2021). Chu et al. (2017), demonstrated that microcystin-LR at a concentration of 0.5 µM 

upon direct reaction with 25 µM of chlorine yielded trichloromethane, chloral hydrate and 

DCAN at yields just over 40, 2 and 1%. Even treatment technologies have shown to promote 

DBP formation, however, the total cytotoxicity of the treated water is reduced (Cuthbertson et 

al., 2019) As such, there are numerous studies that indicate various organic compounds as 

precursors to DBPs.  

2.14 Factors Influencing the Formation of DBPs 

Several factors affect the formation as well as the speciation of DBPs. These factors include pH, 

temperature, residence time, metal ions, bromide ion and iodide ion. 

2.14.1 Effect of pH 

The formation of DBPs either increases or decreases by varying pH based on the class of DBPs. 

Chlorine formation potentials of THMs and HANs increased with increase in pH from 5.5 to 8.5. 
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In contrast, chloramine formation potentials of THMs and HANs did not show significant 

variations with increasing pH (Doederer et al., 2014). At higher pH, the hydrolysis of 1,1,1-

trichloropropanone results in the formation of higher concentrations of THMs especially during 

chlorination (Doederer et al., 2014). Conversely, at lower pH, higher concentrations of THMs are 

observed during chloramination due to the apparent monochloramine hydrolysis to free chlorine 

(Zhang et al, 2010). It has been shown that the concentration of THMs increases with increase in 

pH whereas there is no significant change in the concentrations of HAAs with respect to pH (Ye 

et al., 2009). HANs increased with increase in pH from 5 to 6 and started to decrease at pH 

above 6 (Jia et al., 2016). At pH 7, the concentration of dimethylamine, a prominent precursor of 

NDMA was present at 74% and slightly lower at 67% at pH 8 and 9 (West et al., 2016). It was 

observed that the change in the pH did not significantly affect the concentration of NDMA 

formed in the presence of monochloramine and dimethylamine (West et al., 2016). It is therefore 

important to maintain a pH that does not promote DBP formation during the process of 

disinfection.   

2.14.2 Effect of Temperature 

The effect of temperature on the formation of DBPs depends on the volatile properties of the 

same. For example, Ye et al. (2009) stated that THMs continue to form only up to a certain 

critical temperature. As critical temperature is the temperature at which maximum formation 

(THMs in this case) can be obtained, an increase in the temperature above this critical 

temperature will cause a reduction in the levels of THMs through volatilization. This critical 

temperature for THMs formation is 18.97 °C (Garcia-Villanova et al., 1997). In contrast, for 

HAAs, heating or an increase in temperature thermodynamically favored the formation of HAAs. 
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This is attributed to the fact that most HAAs are not volatile and any reduction in HAA 

concentrations is most likely due to the thermal destruction of the compound or its precursors 

(Wu et al., 2001). In the case of trichloroacetonitrile and dichloroacetonitrile, the rate of 

thermally induced decomposition was higher than the formation (Chen et al., 2017; Jia et al., 

2016). Studies have stated that an increase in the temperature of the water favors the formation 

of NDMA in ozonation reactions (Krasner et al., 2013; Sgroi et al., 2018). It is thus necessary to 

maintain the temperature of water at a value that does not promote DBP formation, and this 

temperature will depend on the precursors present.  

2.14.3 Effect of Residence Time 

While it is clear that DBPs continue to form as long as there are abundant precursors and residual 

disinfectants present in the water matrix, it has been reported that in an environmental matrix, 

residence time does not need to be proportional to the formation of DBPs such as THMs and 

HAAs due to the volatility and biodegradability of the compounds respectively (Ye et al., 2009). 

This statement is supported by evidence that THMs and HAAs at the farthest end of the 

distribution systems are present at low concentrations relative to the concentrations in the water 

treatment plant (Baribeau et al., 2005; Speight and Singer, 2005). Maximum DCAN 

concentrations were detected within 8 hours of chlorination and began to decrease after that. 

TCAN on the other hand reached a maximum concentration only after a chlorine contact time of 

24 hours before it started to decrease. This decrease is attributed to the hydrolysis of the 

compounds to acetamides (Jia et al., 2016). During chloramination in the presence of amine 

precursors, NDMA was detected within 4 hours of exposure and reached a maximum 
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concentration of 1042 ng/L after seven days (West et al., 2016). It is thus clear that residence 

time i.e., water age plays a key role in the formation of DBPs along the distribution systems.   

2.14.4 Effect of Metal Ions 

The presence of metal ions such as Cu2+ can have a catalytic effect on the formation of DBPs 

during chlorination (Blatchley et al., 2003; Liu et al., 2013; Sharma et al., 2017). Sharma et al. 

(2017) states that these metal ions form complexes with the NOM which then react with chlorine 

to form DBPs, and the type of DBPs depend on the nature of the parent compounds. The 

enhancement of THM formation by certain metal ions is in the order of Cu2+>Mg2+>Ca2+ 

(Navalon et al., 2009).  For the case of Cu2+, it promotes the process of oxidative 

decarboxylation, thereby catalyzing the formation of HAAs (Yang et al., 2008). It has been 

experimentally proven that the presence of Al3+ in a water matrix could significantly increase the 

formation of DCAN by more than twice the concentration of the same in the absence of Al3+ 

(Zhang et al., 2019). 

2.14.5 Effect of Bromide Ion 

Brominated DBPs are generally more cytotoxic and genotoxic in nature; hence, it is important to 

understand the effects of bromide ions on the formation and speciation of DBPs. It has been seen 

that, in the case of THMs and HAAs, with increasing bromide concentration, the speciation 

changes from chloro- to bromochloro- and finally bromo-based compounds of the same (Chang 

et al., 2001). The concentration of THMs increased from 288.5 to 534.8 µg/L as bromide ion 

concentration increased from 3 to 68 mg/L during chlorination (Zhang et al., 2015). The 

incorporation of bromine in HAAs was at a higher magnitude during the disinfection of waters 
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containing larger proportion of hydrophilic organic matter relative to hydrophobic organic matter 

(Ersan et al., 2019a); consequently, the concentration of bromide as well as the DBP precursors 

will influence DBP formation. The reactivity of bromide to form brominated HAAs is also 

influenced by pH. Lower pH contributed to higher brominated HAA fractions (Hong et al., 

2013). Chang et al. (2001) also observed that with increasing chlorine:bromide ratio, 

tribromomethane and dibromoacetic acid concentrations decrease. Similar trends were observed 

in the case of HANs where the concentrations of BCAN and DBAN increased with respect to 

increase in the concentration of bromide. This is because of the superior substitution nature of 

bromide ions relative to the chlorine analogues (Bond et al., 2011; Jia et al., 2016). Given the 

higher toxicity of brominated DBPs compared to the chlorinated analogues, it is thus necessary 

to make sure the concentration of bromide in the water sources is reduced before the process of 

disinfection.  

2.14.6 Effect of Iodide Ion 

Similar to the effect that the bromide has on the formation and speciation of DBPs, it is 

important for us to understand the effects of iodide since iodinated DBPs are more toxic than 

their chlorinated analogues (Muellner et al., 2007). An increase in the concentration of iodide in 

the water matrix increases the formation of iodinated THMs, and the speciation favors iodinated 

compounds as the concentration of iodide continues to increase (Liu et al., 2018). Conversely, 

the speciation shifted from iodinated to chlorinated DBPs after the breakpoint of chlorination due 

to the competitive nature of chlorine (Liu et al., 2018). However, it has been shown that for 

water containing high iodide concentrations, the formation of iodinated THMs continued to 

increase up to a dissolved organic concentration (DOC) of 4 ppm and then began to decrease at 
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DOC concentration of 5.4 ppm (Ersan et al., 2019b). The effect of iodide on the formation of 

iodinated HAAs is similar to that of the formation of iodinated THMs during chlorine 

disinfection (Postigo et al., 2017). Studies have demonstrated that chloramination favors the 

formation of iodinated THMs and HAAs over chlorination. This is because, in the presence of 

chlorine, hypoiodous acid is immediately oxidized to iodate whereas, during disinfection using 

monochloramine, hypoiodous acid reacts with NOM to potentially give rise to iodinated DBPs 

(Bichsel and von Gunten, 2000; Postigo et al., 2017). The information on iodinated 

haloacetonitriles is seldom reported due to the limited availability of analytical methods to 

measure them (Zhao et al., 2019). However, a study by Postigo et al. (2017) demonstrated the 

formation of iodochloroacetonitrile during the chlorination of waters containing iopamidol. 

2.15 Surfactants 

Surface active agents commonly referred to as “surfactants” are primarily classified based on the 

charge of their hydrophilic moiety as anionic, cationic, zwitterionic and non-ionic (Bergé et al., 

2018). These surfactants occur at various proportions in detergents, personal care products, 

cleaning solutions, etc. (Bergé et al., 2018; Menzies et al., 2017; Olkowska et al., 2014; Sütterlin 

et al., 2008).  Due to the ubiquitous presence of these compounds in all households, they are 

eventually detected in the wastewater system (Bergé et al., 2018; Menzies et al., 2017; Rebello et 

al., 2014). As these surfactants get discharged into water bodies, they can cause severe distress to 

aquatic life. It has been reported that anionic surfactants (commonly found in detergents) have 

the potential to disrupt liver function, as well as alter the histopathology of fish gills (Mustapha 

and Allah, 2020). Fortunately, most of the anionic and non-ionic surfactants are biodegraded 

within the wastewater treatment plant (Menzies et al., 2017). However, this is not the case for 
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cationic surfactants. Cationic surfactants, being biocidal in nature, are not easily biodegraded in 

the wastewater treatment plant. As a result, they end up in the aquatic environment through 

secondary effluent and point discharge (Ishiguro et al., 2007; Zhu et al., 2018). 

2.16 Quaternary Ammonium Compounds 

Quaternary ammonium compounds (QAC) are those molecules that contain an alkyl and/or 

aromatic group coupled to a positively charged nitrogen atom (Ikehata and El-Din, 2004; Zhang 

et al., 2015a).  These QACs are predominantly found in fabric softeners, disinfectant solutions, 

biocides, and phase transfer agents. In addition to household applications, these surfactants are 

prevalent in hospitals, resulting in significant concentrations in hospital wastewaters (Lasek et 

al., 2019). On account of their cationic nature and large molecular size, they partition to solids 

and are present in large proportions in the sludge from wastewater treatment plants, although 

some of these compounds do escape into the aquatic environment (Boethling, 1984).  

2.16.1 Toxicity 

While QACs are commonly employed in personal care products and household products, they 

are toxic above certain concentrations. In fact, they possess comparable toxicity to the currently 

banned triclosan (Sreevidya et al., 2018). Sreevidya et al. (2018) showed that the exposure to 

BZK at a concentration of 0.1 ppm caused reduction in the size of C. elegans brood and higher 

concentrations up to 1 ppm led to increased mortality rate. D. magna, when exposed to BZK for 

48 hours, had a half maximal effective concentration (EC50) of 38.2 µg/L (Lavorgna et al., 2016). 

In the same study, the authors also showed that C. dubia expressed a LC50 of 403.7 µg/L for a 

BZK exposure of 24 hours. In another study, natural assemblages and mono algae expressed 
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EC50 values of 36.4 and 120 µg/L respectively for a …BZK exposure of 24 hours (Pérez et al., 

2009). This is probably due to QACs increased affinity towards negatively charged algal cell 

walls (Zhang et al., 2015a). Studies have also shown that BZK imparts genotoxic effects to 

eukaryotic cells at environmentally relevant concentrations (Ferk et al., 2007; C. Zhang et al., 

2015a). BZK also may have a phytotoxic effect on plants. For example, an exposure of 0.25 ppm 

of BZK for a period of 12 days resulted in 68% reduction in the dry weight of lettuce (Khan et 

al., 2018).  

2.16.2 Detection  

There are several methods for the analysis of QACs in water samples. Ding and Liao (2000) 

were able to achieve detection limits of 0.1-0.001 µg/mL for alkylbenzyldimethylammonium 

chlorides using RP-18 cartridges for solid phase extraction followed by GC/MS. They were able 

to recover 81-92% of the compound with a relative standard deviation of 5-11%.  Another 

method involved cationic solid phase extraction followed by analysis using LC-MS/MS for 

benzalkonium compounds (C12-C14) in environmental samples (Voorde et al., 2012). The 

authors were able to achieve limits of detection ranging from 0.03-0.02 ng/L using the method 

with recoveries around 90%. Similar to Ding and Liao (2000), another study also uses RP-18 

solid phase extraction; however, it was followed by HPLC (Kümmerer et al., 1997). They were 

able to attain a detection limit of 0.05 mg/L in hospital effluent samples with a precision of 1.6% 

and a relative standard deviation of 87-95%. 

The above-mentioned analytical methods are more commonly employed to detect trace amounts 

at a higher sensitivity. In that regard, a more generic method developed by Patel et al. (2014) 
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helps detect cationic surfactants at concentrations in the range of 1-5 mg/L using UV-visible 

spectrophotometry at a wavelength of 517 nm.  

2.16.3 Fate and Occurrence of Cationic Surfactants in Wastewater 

Due to the ubiquitous presence of cationic surfactants in various household and hospital 

products, they are often found in the influent of many wastewater treatment plants (WWTPs) 

(Clara et al., 2007; Martínez-Carballo et al., 2007). The concentration of BZK was as high as 

2800 ppb in the effluent of hospital wastewaters (Kreuzinger et al., 2007). The effluent from 

European hospitals had BZK at concentrations up to 6.03 mg/L.  However, BZK concentrations 

in WWTP effluents are usually very low due to its adsorption affinity for particulate and organic 

matter such as sludge and also partly due to biotransformation of the parent compound (Zhang et 

al., 2015a). However, this is always not the case. Since WWTPs are not designed to remove 

these compounds, they eventually end up in the downstream surface waters. One surface water in 

Taiwan had a BZK concentration up to 65 µg/L (Ding and Liao, 2001). The concentration of 

BZK up to 36.6 µg/L were detected in the surface waters that are located downstream of several 

WWTPs in the United States (Ferrer and Furlong, 2001). 

Clara et al. (2007) monitored the concentration of quaternary ammonium compounds in the 

influents and effluents of several WWTPs in the western region of Austria. They observed that 

the maximum influent and effluent concentrations of alkyl benzyl, dialkyl and trialkyl 

ammonium chlorides were 170 & 0.63 µg/L, 200 & 3.5 µg/L, and 27 & 1.1 µg/L, respectively.   

More recently, the SARS-CoV-2 pandemic has led to an increased use of disinfectants (Hora et 

al., 2020). The USEPA’s list of disinfectants for the inactivation of the SARS-CoV-2 virus has 
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216 products that contain QACs as the active ingredient (Hora et al., 2020). This suggests a 

potential rise in the concentration of QACs in the influent and effluents of WWTPs. The scarcity 

of environmental data on a variety of QACs warrants further studies.   

2.16.4 QACs as Precursors for DBPs 

Due to the ubiquitous nature of QACs in surface waters as we have seen in the above section, it 

is important for scientists and engineers to see if these compounds give rise to other toxic 

compounds relative to the fate of these compounds in a drinking water treatment process. In one 

study, ozonation of BZK resulted in the formation of benzyldimethylamine and 

dodecyltrimethylamine as notable intermediates in the degradation pathway (Carbajo et al., 

2016). From the sections on NDMA in the literature review, we know that these intermediate 

compounds are well known NDMA precursors. The chloramination of 0.1 mM of BZK 

contributed to the formation of THMs, HAAs and NDMA at concentrations as high as 307.5 

µg/L, 58.2 µg/L and 314.9 ng/L, respectively (Chang et al., 2011). In a recent study, several 

intermediate compounds such as chlorinated BZK, oxy- and hydroxy- BZK were identified 

during the chlorination of BZK, and these intermediate compounds could potentially be regarded 

as novel disinfection byproducts (Ul’yanovskii et al., 2020).  
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Chapter 3 – Materials and Experimental Methodology 

3.1 Materials 

A variety of chemicals were purchased to conduct this study. The list of chemicals, purity and 

vendor details are given in Table 3-1. 

 

Table 3-1 List of chemicals used, their purity and the manufacturer 

Chemical  Purity/grade  Vendor 

TMAC >98% TCI 

TEAC 98% Alfa Aesar 

BEC 97% TCI 

BZK 95% Beantown chemical  

CPC 98% Alfa Aesar 

DTMA 97% Alfa Aesar 

CTMA 96% Alfa Aesar 

Sodium arsenite NA VWR 

Sodium sulfate 99% Beantown chemical  

Sodium hypochlorite 8-10% Alfa Aesar 

Sodium thiosulfate 98.3% VWR 

Sodium hydroxide NA VWR 

Ammonium chloride >99.5% VWR 
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Dichloromethane >99.9% Honeywell 

MTBE HPLC/GC grade Supelco 

Methanol P&T P&T grade Honeywell 

THM mix  >98% Accustandard 

HAN mix >98% Accustandard 

Nitrosamine mix  >98% Accustandard 

 

 

3.1.1. Water 

Deionized water was boiled and brought to room temperature (23±1 °C) prior to use. The 

resulting water was then buffered at neutral pH (7) with 1 mM phosphate buffer before use in all 

experiments.  

3.1.2. Preparation of Chlorine Stock Solution  

The stock solution (400-500 mg/L as Cl2) of free chlorine was prepared by diluting 6-12% 

sodium hypochlorite solution in deionized water. The final concentration of the stock solution 

was measured using Hach method 8021 as mentioned in section 3.3.1. 

3.1.3. Preparation of Chloramine Stock Solution  

Fifty µL of 2 N sodium hydroxide was added per 100 mL of cold DI water in order to increase 

the pH during the preparation of chloramine stock solution. A calculated stoichiometric mass of 

ammonium chloride was weighed out and added to the cold DI water and stirred completely until 
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dissolution. Sodium hypochlorite was slowly added to the solution to achieve a final total 

chlorine concentration in the solution of 6.5-8 g/L as Cl2. The resulting stock solution was then 

spiked into the sample matrix at a specific volume to achieve a final monochloramine 

concentration of 140 mg/L as Cl2 and a Cl2 to N ratio of 3.5:1 by mass in the sample.  

3.1.4. Preparation of Ozone Solution  

To generate ozone (O3), a primozone GM-1 ozone generator was used. A jacketed flask 

connected to the ozone generator was filled with DI water and was continuously stirred using a 

stir plate. The jacketed flask was also connected to a chiller unit to maintain a temperature of 6 

°C. Ozone from the ozone generator was allowed to mix with the cold water in the jacketed flask 

to produce ozonated water, which was then used for formation potential reactions. The outlet of 

the jacketed flask was connected to gas washing bottles containing potassium iodide (KI) as the 

ozone quenching agent. The KI solution was replaced with a fresh batch as it became exhausted.  

3.1.5. Selection of Precursors 

Seven different quaternary ammonium compounds namely, BZK (C8-C18), 

cetyltrimethylammonium chloride (CTMA), dodecyltrimethylammonium chloride (DTMA), 

cetylpyridinium chloride (CPC), tetramethylammonium chloride (TMAC), tetraethylammonium 

chloride (TEAC) and benzethonium chloride (BEC) were chosen based on several structural and 

functional characteristics. These characteristics include the presence and absence of aromatic 

ring, chain length, positioning of the functional groups and occurrence in commercial products.  

The structures of these precursors are defined in the Table (3-2) below. 
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Table 3-2 Structures, names, acronyms and molecular weights of quaternary ammonium 

compounds included as disinfection byproduct precursors in this study. 

Quaternary ammonium 
compounds (QACs) 

Molecular 
Weight (g/mol) 

Structures 

Benzalkonium chloride (BZK) 
 

269.9-382.2 

 

Cetyltrimethylammonium 

chloride (CTMA) 

 

320.00 

 

Dodecyltrimethylammonium 

chloride (DTMA) 

 

263.89 

 

Cetylpyridinium chloride (CPC) 
 

339.99 

 

Tetramethylammonium chloride 

(TMAC) 

 

109.6 
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Tetraethylammonium chloride 

(TEAC) 

 

165.7 

 

Benzethonium chloride (BEC) 
 

448.1 

 

 

 

3.2. Sample Preparation 

The disinfection byproduct formation potential tests were conducted in 250 mL amber glass 

bottles in order to prevent photodegradation of the DBPs. Based on stoichiometric calculations, 

the precursors were spiked individually into the reaction bottles to achieve a final molar 

concentration of 0.1 mM. The reaction bottles were then filled with phosphate buffered DI water 

as stated in section 3.1.1.  In order to assess the formation of brominated DBPs, bromide was 

spiked into the reaction bottles for some experiments. Bromide was spiked to achieve two 

different concentrations, i.e., 50 µg/L and 500 µg/L which are representative of low and high 

concentrations in the environment (VanBriesen, 2014).  

3.3. DBP Formation Potential Experiments 

In order to determine the yield of DBPs in natural/artificially spiked waters upon reaction with 

specific disinfectants, disinfection byproduct formation potential (DBPFP) tests are conducted. 
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In this study, the QAC precursors were individually spiked in reaction bottles as described in 

section 3.2 and are subjected to reaction with ozone, chloramine and chlorine separately. In order 

to maintain a steady pH throughout the FP tests, phosphate buffer was added to the samples prior 

to adding the disinfectant. The DBPFP experiments were completed in headspace-free bottles at 

room temperature (23±1 °C). A brief summary of the experimental matrix can be seen in Tables 

3-3 and 3-4. 

3.3.1. Chlorination FP Tests 

In order to determine the DBPFP of QACs as a result of chlorination, hypochlorite was spiked 

into the reaction bottles that were prepared as described in section 3.2. The hypochlorite spike 

concentration into the reaction bottles was dependent on a target residual chlorine concentration 

of 3-5 mg/L after a period of 7 days at room temperature in the dark per Standard Method 5710 

(Baird et al., 2017).  

To determine the hypochlorite spike concentration, a chlorine demand test was conducted. For 

this test, QACs of the smallest molecular weight and the largest molecular weight at a molar 

concentration of 0.1 mM were allowed to react with varying doses of hypochlorite in the range 

of 3-11 mg/L as Cl2. The samples were then analyzed for free chlorine after a reaction period of 

7 days.  

Free chlorine in samples was measured with Hach Method 8021 (Free Chlorine by DPD method) 

using a DR900 colorimeter. Briefly, 10 mL of the sample was transferred to a clear vial and 

reacted with DPD free chlorine reagent. The solution was stirred well and allowed to react for a 

period of 1 min. The solution was then measured using the colorimeter. Samples outside of the 

calibration range (0.02-2.00 mg/L as Cl2) were diluted and re-measured.   
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Once the samples were analyzed for residual free chlorine, the samples were quenched using 

sodium arsenite. Free chlorine quenching was done to halt the reaction of free chlorine with the 

precursors beyond the desired 7 days reaction time.  

3.3.2. Chloramination FP Tests 

Chloramination experiments were conducted in order to determine the disinfection byproduct 

formation potential of QACs during reaction with monochloramine. Preformed chloramine (as 

described in section 3.1.3) was spiked into reaction bottles (prepared as described in section 3.2) 

to achieve a final concentration of 140 mg/L as Cl2 and allowed to react for a period of 10 days, 

as used in previous FP studies (Lee et al., 2007; Mitch and Sedlak, 2004).  

The total residual chlorine in samples was measured with Hach Method 8167 (Total Chlorine by 

DPD method) using a Hach DR900 colorimeter. Briefly, 10 mL of the sample was transferred to 

a clear vial and reacted with DPD total chlorine reagent. The solution was stirred well and 

allowed to react for a period of 3 min. The solution was then measured using the colorimeter.  

Samples outside of the calibration range (0.02-2.00 mg/L as Cl2) were diluted and re-measured. 

Once the samples were analyzed for residual total chlorine, the samples were quenched by 

adding sodium thiosulfate. The volume of sodium thiosulfate used was determined by trial and 

error using the sample with the highest total chlorine concentration (typically the blank samples 

where there is little to no chloramine demand). 
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Table 3-3 Experimental matrix showing disinfection byproduct formation potential tests using 

chlorine, chloramine and ozone. 

Batch Concentration of 

QACs 

Disinfectant dosage 

Chlorine FP 0.1 mM Determined using chorine demand test 

Chloramine FP 0.1 mM 140 mg/L as Cl2 (2 mM Cl2) 

Ozone FP 0.1 mM 0.77 mM O3 

 

Table 3-4 Experimental matrix for showing disinfection byproduct formation potential tests 

using chlorine, chloramine and ozone in the presence of bromide at low (50 µg/L) and high (500 

µg/L) dosages. 

Batch Concentration of 
QACs 

Disinfectant dosage Bromide 
dosage* 

Chlorine FP 0.1 mM Determined using chlorine 
demand test 

50 or 500 µg/L 

Chloramine 
FP 

0.1 mM 140 mg/L as Cl2 50 or 500 µg/L 

Ozone FP 0.1 mM 0.77 mM O3 50 or 500 µg/L 

*Typical low (50) and high (500) bromide concentrations in water sources (VanBriesen, 2014).  
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3.3.3. Ozonation FP tests 

Ozonation experiments were conducted in order to determine the disinfection byproduct 

formation potential of QACs during reaction with molecular ozone. For this purpose, ozonated 

water (concentration of 35-40 mg/L O3) was allowed to react with the precursors in reaction 

bottles (prepared as described in section 3.2) with a 7-8-fold molar excess of ozone for a period 

of 24 hours in the dark. The aqueous concentration of ozone in the jacketed flask was measured 

using the indigo blue method as described by Bader and Hoigné (1981). DBP formation results 

from ozonation of QACs are not included in the following chapters as no DBPs (among the ones 

in our analysis) were detected as a consequence of ozonation.  

3.4. DBP Extraction and analytical methods 

The possible DBPs formed by the end of the DBPFP tests generally occur in trace 

concentrations, i.e., on the order of parts per billion (PPB) and part per trillion (PPT). This 

concentration is too small for the analytical instruments to measure. Also, water is not a 

compatible solvent for most gas chromatography (GC) columns. Thus, extractions were 

performed to 1) isolate the compounds of interest from the water sample, 2) shift the compounds 

of interest to a GC-compatible solvent, and 3) concentrate the compounds before analysis by 

evaporating most of the solvent. All the samples from the FP tests mentioned above underwent 

extraction as shown in Table 3-5. Extractions were performed for HANs and nitrosamines on the 

same day as reactions were quenched. THM extractions were performed within 14 days per the 

recommended sample storage protocol. 



 

42 

 

The following subsections describe the methods of DBP extraction, and the instrument settings 

used for DBP analysis. For all the three DBP groups included in this study, namely THMs, 

HANs, and NOAs, a gas chromatography tandem mass spectrometry (GC-MS/MS) system was 

used for analysis. The GC-MS/MS used was a ThermoFisher Scientific TRACE 1310 coupled to 

a ThermoFisher Scientific TSQ 8000 Evo triple quadrupole MS/MS. Argon was used as a 

collision gas and helium was expended as a carrier gas. TraceFinder software (v. 4.1) was used 

for data acquisition and analysis.  

 

Table 3-5 Extraction and analytical methods used for specific DBPs 

DBPs Extraction method Analytical method Reference 

THMs Purge and trap  GC-MS 1 

HANs Liquid-liquid extraction GC-MS  2  

N-Nitrosamines Liquid-liquid extraction GC-MS 3 
1Zoccolillo et al., (2005); 2Carter et al., (2019); 3Padhye et al., (2013). 

 

3.4.1. THM analysis 

THMs in the samples were analyzed using the GC-MS/MS system. However, prior to analysis, 

the samples were extracted for THMs by purge and trap method using a LuminTM Teledyne 

Tekmar system equipped with a AQUATek 100 automatic sampler and a VOCARBTM 3000 

adsorption column. Nitrogen (99.999% purity) was used as the purging gas. A Restek Rtx®-

VMS column (20 m × 0.18 mm I.D. × 1.0 µm film thickness) was used in the GC for THM 
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analysis and important parameters are given in Table 3-6. Argon was used a collision gas and 

helium was expended as a carrier gas. Based on this method of THM analysis, the MRLs for 

TCM, BDCM, DBCM and TBM were 0.3, 0.2, 0.2 and 0.2 µg/L, respectively. 

Table 3-6 GC-MS and purge & trap parameters for THM analysis 

Parameter  Value 

Max oven temperature (°C) 240 

Inlet temperature (°C) 200 

Oven run time (min) 14.99 

Temperature 1 (°C)/rate (°C/min)/hold time (min) 38/0/3.5 

Temperature 2 (°C)/rate (°C/min)/hold time (min) 100/12/0 

Temperature 3 (°C)/rate (°C/min)/hold time (min) 225/25/1.32 

Injector type and mode SSL, split with constant flow 

Split flow (mL/min) 10 

Carrier flow (mL/min) 0.8 

Purge flow (mL/min) 5 

Split ratio 20 

 

 

3.4.2. HAN Extraction and Analysis 

HANs in the samples were analyzed using the GC-MS/MS system. However, prior to analysis, 

the samples were extracted by liquid-liquid extraction as described by the USEPA Method 551.1. 
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Briefly, 45 mL of the sample was taken into a 60 mL clear glass vial with Teflon lined caps. The 

samples were spiked with 15 µL of 10,000 µg/L 1,2-dibromopropane (internal standard). Twelve 

g of Na2SO4 (sodium sulfate) was added to it in order to facilitate increased partitioning of HANs 

from the water matrix to the organic solvent phase. Once the Na2SO4 in the sample was 

dissolved, 3 mL of methyl tert-butyl ether (MTBE) was added to the sample and mixed 

thoroughly for 60 seconds. The samples were then allowed to rest for 10 min. MTBE, which 

formed a separate layer in the 60 mL vial, was then gently pipetted out using a Pasteur pipette 

and passed through a Na2SO4 drying column to remove any residual water. The extract was 

stored at -20 °C prior to analysis by GC-MS/MS.  

Analysis was similar to Cuthbertson et al. (2019) and the USEPA Method 551.1. For the GC-

MS/MS system, a Restek Rxi®-5ms fused silica capillary column (30 m × 0.25 mm I.D. × 0.25 

µm film thickness) was used for HAN analysis. Argon was used a collision gas and helium was 

expended as a carrier gas. The GC settings for HAN analysis are described in the Table 3-7. 

Based on this method, the MRLs for MCAN, DCAN, MBAN, BCAN, DBAN, BDCAN and 

TCAN were 0.047, 0.273, 0.227, 0.1, 0.133, 0.227, and 0.333 µg/L, respectively.  

 

Table 3-7 GC-MS parameters for HAN analysis 

Parameter  Value 

Max oven temperature (°C) 260 

Inlet temperature (°C) 170 
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Oven run time (min) 18.67 

Initial temperature (°C)/rate (°C/min)/hold time (min) 35/0/4 

Final temperature (°C)/rate (°C/min)/hold time (min) 180/15/5 

Injector type and mode PTV, splitless with surge 

Split flow (mL/min) 40 

Carrier flow (mL/min) 1 

Surge pressure (kPa) 300 

Surge duration (min) 0.50 

 

3.4.3. Nitrosamine Extraction and Analysis  

Eight NOAs, namely NDMA, NMEA, NDEA, NDBA, NDPA, NMOR, NPIP and NPYR, were 

analyzed using the GC-MS/MS system. However, prior to analysis, the samples were extracted 

by liquid-liquid extraction using a modified USEPA Method 521 (Holady et al., 2012; Zeng and 

Mitch, 2015). Briefly, 15 mL of the sample was taken into a 40 mL clear glass vial with Teflon 

lined caps. The sample was spiked with 25 µL of 2000 µg/L internal standard (mixture of 8 

deuterated nitrosamines) and 0.5 g of NaCl was added to facilitate increased partitioning of 

NOAs from the water matrix to the organic solvent (methylene chloride) phase. Once the 

Na2SO4 in the sample was dissolved, 2 mL of methylene chloride was added to the sample and 

mixed thoroughly for 60 seconds. The samples were then allowed to rest for 10 min. The denser 

methylene chloride layer at the bottom of the 40 mL vial was then gently pipetted out using a 

Pasteur pipette and passed through a Na2SO4 drying column to remove any residual water. The 

extract was then collected and concentrated to 0.5 mL by nitrogen purging using a Biotage 
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TurboVap LV solvent evaporation system. The concentrated extract was stored at < -5 °C prior 

to analysis by GC-MS/MS system. 

For the GC-MS/MS system, a Restek Rtx®-200 column (30 m × 0.25 mm I.D. × 0.25 µm film 

thickness) was used for NOA analysis. Argon was used as a collision gas and helium was 

expended as a carrier gas. The GC settings for NOA analysis are described in Table 3-8. Based 

on this method, the MRL for NOAs are 1.2, 2.1, 6.1, 3.4, 2.6, 2.1, 1.8 and 1.3 µg/L for NDMA, 

NMEA, NDEA, NDBA, NDPA, NMOR, NPIP and NPYR, respectively.   

 

Table 3-8 GC-MS parameters for NOA analysis 

Parameter  Value 

Max oven temperature (°C) 240 

Inlet temperature (°C) 200 

Oven run time (min) 23.93 

Initial temperature (°C)/rate (°C/min)/hold time (min) 35/0/1 

Temperature 1 (°oC)/rate (°C/min)/hold time (min) 120/10/0 

Temperature 2 (°C)/rate (°C/min)/hold time (min) 145/5/0 

Temperature 3 (°C)/rate (°C/min)/hold time (min) 230/35/7 

Injector type and mode PTV, splitless with constant flow 

Split flow (mL/min) 40 

Carrier flow (mL/min) 1.2 
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3.5. Laboratory Quality Assurance and Quality Control (QA/QC) 

3.5.1.  Lab Duplicates 

The experiments were repeated to obtain duplicate samples for each surfactant and for each 

condition. Duplicates were done in order to ensure reproducibility. The average of the duplicates 

is reported in the results and discussion section of this study.  

3.5.2. Experimental Blanks 

Experimental blanks (DI water) were also included in the study as a part of quality assurance to 

ensure that no DBPs were detected in the background. The experimental blanks were subjected 

to all the steps as the real samples, including reaction with disinfectant, quenching, extraction, 

and analysis. In addition to an experimental blank, a DI blank was also included for extraction 

and analysis only to make sure background DBPs are not detected through these steps of the 

method.  

3.5.3. Continuous Calibration Checks 

A 7-point calibration curve was established prior to analysis of samples. Continuous calibration 

checks (CCCs) were also set up at the low, mid, and high concentration range for each of the 

target DBPs. This is a part of the quality control that ensures that the GC-MS/MS is performing 

as expected. The minimum acceptable percentage variation of the CCCs from the theoretical 

concentration value was 20% for mid and high CCCs and 30% for low CCCs. Extracted samples 

that were above or below the calibration range were diluted and re-analyzed. 
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3.6.  Sample Storage 

Samples were analyzed the same day of DBP extraction when possible. If not scheduled to 

analyze the same day as extraction, the extracts were stored at -20, -9 and, 4 °C for HANs, NOAs 

and THMs, respectively, in airtight glass vials or bottles.  
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Chapter 4 – Chlorination Formation Potential: Results and 

Discussion 

4.1 Introduction  

The process of disinfection by chlorination is employed in most drinking water treatment plants 

before distribution. The presence of organic matter in the water matrix during disinfection 

contributes to the formation of DBPs. There are several groups of organic matter that could be 

characterized in these wastewater and water sources, however, in this study, a specific group of 

organic compounds, quaternary ammonium compounds (QACs) are assessed for their potential 

to form DBPs such as THMs, HANs, and NDMA upon chlorination.   

The reason why we are interested in QACs is because these compounds are present in a plethora 

of household products such as laundry detergents, fabric softeners, surface disinfectants/cleaners 

etc., as well as personal care products such as hand sanitizers, cosmetics, mouthwash, 

conditioners, and soap. QACs are also widely employed for surface disinfection in the hospital 

industry, thus contributing to a significant QAC load in hospital wastewater. In recent times, 

QACs are gaining a lot of attention due to their ability to inactivate the SARS-CoV-2 virus. In 

fact, these QACs are present in over 216 products recommended by the CDC to inactivate the 

SARS-CoV-2 virus on surfaces. Given the current circumstances, i.e., the COVID-19 pandemic, 

this could mean that QAC load in wastewaters could potentially be higher than seen in the past.   

While a bulk of the QACs are removed by the WWTP, a small portion of the QACs may enter 

the environment via secondary effluent and eventually end up in drinking water sources. There is 
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research being carried out on several harmful factors imparted by QACs to the environment, 

such as promoting antibiotic resistance in bacteria, toxicity, etc., however, studies on their 

potential to form DBPs are rather scarce. On account of this research gap, the current chapter 

focuses on the DBP formation potential of QACs due to chlorination.  

Additionally, it is also important to take into account the presence of bromide in the sample 

matrix since brominated DBPs are more toxic than their chlorinated analogues. Higher 

concentrations of bromide will push the speciation of DBPs to more brominated forms. In that 

regard, separate experiments were conducted to assess the potential for QACs to form DBPs 

during chlorination in the presence of bromide.  

4.2 Methods 

4.2.1 Chlorine Demand of Quaternary Ammonium Compounds 

The concentration of Cl2 required to conduct the formation potential experiments was determined 

based on the results of the Cl2 demand test and the procedural goal of achieving 3-5 mg/L as Cl2 

after 7 days based on the protocol of Standard Method 5710 (Baird et al., 2017) For this test, 0.1 

mM of surfactant was allowed to react with varying concentrations of Cl2 (3-11 mg/L) in 

buffered DI water at pH 7. It was observed that a spike of 5 mg/L of Cl2 was sufficient to 

maintain the desired 3-5 mg/L residual Cl2 in the sample matrix for all the QACs (0.1 mM) 

considered in this study.  

4.2.2 Formation Potential Tests 

Sodium hypochlorite was individually spiked into amber reaction bottles containing 0.1 mM 

QACs in buffered DI water (pH 7) to achieve a final free chlorine concentration of 5 mg/L in the 
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sample matrix. To assess the speciation of DBPs in the presence of bromide at low and high 

bromide concentrations, 50 and 500 µg/L of Br- was spiked into the sample matrix respectively. 

The samples were reacted for 7 days at room temperature.  

4.2.3 DBP Extraction and Analysis 

At the end of the 7-day reaction period, residual free chlorine was measured in the sample matrix 

followed by quenching of chlorine using sodium arsenite in order to terminate the chlorination 

reaction. DBPs were then extracted following appropriate extraction protocols as described in 

section 3.4 of this thesis. The extracted samples were then analyzed for the corresponding DBPs 

using GC-MS. The methods for GC-MS analysis for specific DBPs are described in detail in 

section 3.4 of this thesis.  

4.3 THM Formation from QACs 

The results from the formation potential tests indicated that trichloromethane (TCM) was the 

dominant THM formed in the presence of chlorine and no bromide. The amount of TCM formed 

for the seven precursors under this study due to chlorination follows the order of 

TMAC<TEAC<BEC<CPC<DTMA<CTMA<BZK. The micromolar yield of THMs per mole 

QACs at a chlorine dose of 5 mg/L is visualized in Figure 4-1. The small amount of DCBM 

observed for BZK might be due to bromine impurities in the BZK and sodium hypochlorite stock 

solutions. It is evident from the literature that chlorination yields high amounts of THMs (Chang 

et al., 2011; Gallard and Gunten, 2002; Heller-Grossman et al., 1993; Hong et al., 2008; Sorlini 

and Collivignarelli, 2005). In regard to QACs, the formation of THMs during chlorination of 1 

mM BZK was also observed by Chang et al. (2011), wherein the TTHM concentration was 
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2713±145 µg/L at a free chlorine dose of 70 mg/L in DI water at pH 7. The higher TTHM 

concentration in the Chang et al. (2011) study compared to this work (80.3 µg/L) can be 

attributed to the higher precursor and chlorine concentrations used. The yield of THMs due to 

QACs is low compared to prominent THM precursor such as resorcinol which has TCM molar 

yield of 0.95 (Gallard and Gunten, 2002). However, this is the first time that THM formation is 

reported for CPC, BEC, TMAC, CTMA and DTMA. 

When a spectrophotometric method (Patel et al., 2014) was employed to determine the residual 

concentration of the QAC after reaction with chlorine, we found out that the method worked well 

only for select compounds such as CPC and BZK. Additionally, this method is not compound 

specific, i.e., as long as there is a quaternary amine molecule in the matrix, a signal can be 

obtained, irrespective to the degradation of the parent compounds. Hence, future studies with 

specific precursor analysis (e.g., mass spectrometry) are warranted to understand DBP formation 

pathways of the QACs through identification of the transformation products.  
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Figure 4-1 Micromolar yield of THMs (µmol THM / mol surfactant) upon reaction between 5 

mg/L of chlorine and 0.1 mM QAC precursor in buffered deionized water at pH 7. 

 

Potential THM Formation Mechanism for QACs 

As seen from Table 3-2, the seven QACs included in this study are distinct in their chemical 

structure. From the results presented in Figure 4-1, BZK, with a benzyl moiety, formed more 

THMs compared to CTMA and DTMA, which do not contain a benzene ring. Additionally, the 

QAC with pyridine moiety formed even fewer THMs compared to the CTMA, DTMA and BZK. 

Although BEC contains two benzene rings, THM micromolar yield was significantly lower. In 

the case of compounds with short alkyl chains and no conjugated rings, i.e., TMAC and TEAC, 

the formation of THM was negligible.  
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The mechanism for QACs forming THMs is not yet known. We hypothesize the formation of 

BZK to THMs under chlorination based on collision-induced dissociation (CID) spectra in a 

study conducted by Ul’yanovskii et al. (2020). According to this study, the BZK precursor ion 

[C7H8CnH2n+1ClN]+ undergoes possible rupture of the benzyl-nitrogen bond as suggested by 

Huang et al. (2017) and would result in the formation of a tropylium cation [C7H7]+. This step is 

followed by the migration of a hydrogen from the aliphatic chain to the benzyl moiety, resulting 

in a subsequent loss of C7H8 and forming [CnH2n+1ClN]+. This nitrogenous ion then loses HCl to 

give rise to the second product ion [CnH2nN]+. Following a split of α-β C-C bonds, the long 

aliphatic chain leaves the second product ion, thus resulting in N, N-dimethylmethaniminium ion 

and a long chain alkyl molecule. A schematic representation of this pathway is presented in 

Figure 4-2. On conducting further analysis, no chlorinated derivatives of N, N-

dimethylmethaniminium ion were found by Ul’yanovskii et al. (2020). This could mean that any 

chlorinated C-DBPs that were formed due to the chlorination of BZK are most likely attributed 

to HOCl attack on the long chain alkyl molecule which was separated from the second product 

ion [CnH2nN]+. This possibility could also explain the THM micromolar yield from the longer 

chain alkyl ammonium precursors (DTMA, CTMA) as opposed to the short alkyl chain 

precursors (TEAC, TMAC).  
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Figure 4-2 Full collision induced dissociation scheme of BZK during chlorination. Image 

reproduced from Ul’yanovskii et al. 2020. 

 

Second, quaternary amines may form TTHMs in a secondary process after demethylation. Based 

on a UV/chlorine oxidation study on benzalkonium chloride (Huang et al., 2017), it is possible 

that BZK underwent cleavage at the benzyl-nitrogen bond to form tertiary amines which further 

underwent demethylation to form secondary amines. The secondary and tertiary amines formed 

could continue to react with free chlorine to form THMs (Deborde and von Gunten, 2008; Roux 
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et al., 2012a; Wang et al., 2020). This formation of THMs is facilitated by the reaction of free 

chlorine and methyl groups from alkylamines (Roux et al., 2012b).  

The short chain aliphatic amines, namely TEAC and TMAC, did not yield significant amount of 

THMs, as seen in Figure 4-1. Włodyka-Bergier and Bergier (2011) classified short chain 

aliphatic amines as hydrophilic base fractions when conducting experiments to fractionate humic 

acid. In that regard, it has been observed that hydrophilic base fractions were least reactive to 

chlorine in forming THMs (Marhaba and Van, 2000), thus giving as a possible explanation as to 

why TEAC and TMAC formed relatively fewer THMs.  

4.4 Effect of Bromide on THM Speciation 

Since brominated DBPs are relatively more toxic than their non-brominated analogues, DBPFP 

tests were conducted at 50 ppb and 500 ppb of bromide, thereby representing low and high levels 

of bromide in water sources (VanBriesen, 2014). The micromolar yield of the 4 THMs was 

calculated and is represented in Figure 4-2. Given the higher affinity of bromine towards 

substitution compared to chlorine, formation of brominated THMs is favored (Bond et al., 2011). 

As seen from Figure 4-2, the higher the concentration of bromide in the sample matrix, the 

higher the micromolar yield of brominated THMs and the lower the micromolar yield of TCM. 

This is because bromide upon reaction with hypochlorous acid (HOCl) forms hypobromous acid 

(HOBr) which has a substantially higher reactivity in terms of substitution, i.e., halogenating 

activity compared to HOCl (Zhou et al., 2021). This high reactivity of HOBr is due to the lower 

bond strength of HOBr compared to HOCl (Bond et al., 2014; Westerhoff et al., 2004).  
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   (a)      (b) 

Figure 4-3 Micromolar yield of THMs (µmol THM / mol surfactant) upon reaction between 5 

mg/L chlorine and 0.1 mM of QAC precursor: (a) in the presence of 50 µg/L Br- and (b) in the 

presence of 500 µg/L Br-. 

 

4.5 Bromine Substitution Factor (BSF) for THMs 

BSF for THMs is calculated by taking the ratio of the molar concentration of brominated THMs 

to the molar concentration of the total THMs formed (Zheng et al., 2020). The calculation of BSF 

for THM and is given by the following equation.  

 𝐵𝑆𝐹்ுெ௦ = ஽஼஻ெା(ଶ × ஽஻஼ெ)ା(ଷ × ஼்஻ெ)ଷ × (்஼ெା஽஼஻ெା஽஻஼ெା )   

Based on Figure 4-4 showing the bromine substitution factor, when the concentration of Br- 

increases from 0 to 50 µg/L Br-, the increase in %BSF for the seven quaternary ammonium 
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compounds included in this study is in the order of 

BEC<DTMA<CPC<BZK<CTMA<TEAC<TMAC, and when the concentration of Br- increases 

from 50 to 500 µg/L Br-, the increase in the %BSF is in the order of 

BEC<DTMA<BZK<CTMA<CPC<TEAC<TMAC. Although the %BSF of TEAC is higher with 

increase in Br- concentration, the yield of THMs is relatively low as seen in Figure 4-3. There are 

certain values in the %BSF equation that are below the MRL. As value below MRL cannot be 

used directly in the equation, these values are assumed to be zero prior to calculation. The 

assumption of zero is established based on information obtained from literature (Croghan and 

Egeghy, 2003), where the authors stated that in statistical analysis, values that are below 

reporting limits are substituted by constant values such as zero. While the best approach would 

be to use computational tools in order to reduce left-censored bias, a large data set would be 

required and in this study the data set is limited to only duplicates.  
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Figure 4-4  Percent bromine substitution factor for THMs upon reaction between 5 mg/L of 

chlorine and 0.1 mM QAC precursor. 

 

It can be seen that the BSF for THMs formed as a consequence of reaction between BEC (0.1 

mM) and 5 mg/L of free chlorine at bromide doses of 50 and 500 µg/L is rather insignificant.  

While there is a lack of information on the reactivity of BEC with halogens, it is possible that 

chlorine reacted with the aromatic moieties of BEC via electrophilic substitution to form a wide 

variety of intermediates. In the presence of bromide, it is possible that bromide ions would have 

participated in reactions with other intermediates leaving little to no bromide to form brominated 

trihalomethanes (Pan and Zhang, 2013). CPC, on the other hand, undergoes rapid cleavage of the 

heterocyclic ring upon reaction with chlorine (Zhang et al., 2017). This eventually contributes to 

THMs, and, in the presence of high concentrations of bromide, a sudden jump in the BSF can be 

observed.  
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4.6 HAN Formation from QACs 

The results from the formation potential tests indicated that dichloroacetonitrile (DCAN) was the 

dominant of the 7 HANs formed in the presence of chlorine and no bromide. The amount of 

DCAN formed for the seven precursors under this study due to chlorination is 

TMAC<TEAC<DTMA<BEC<CTMA<BZK<CPC. The micromolar yield of HANs upon 

reaction between 5 mg/L chlorine and 0.1 mM precursor is represented in the Figure 4-5. The 

DCAN micromolar yield of approximately 0.001% due to chlorination of CPC is definitely lower 

than some precursors. For instance, the DCAN yield of the amino acid tyrosine (0.5 mM) upon 

reaction with chlorine for 7 days is 0.095% (Chu et al., 2015). However, this is the first time 

HAN formation as a consequence of reaction between BEC, TMAC, TEAC, CPC, CTMA, 

DTMA and BZK is reported. It should be noted that HANs undergo hydrolysis, and HAN 

degradation increases with higher free chlorine concentration and pH (Glezer et al., 1999; Yu 

and Reckhow, 2015). The formation potential test used here (Standard Method 5710) was 

created for THMs and may not be suitable for maximizing HAN formation. Thus, the 

micromolar yields for HANs might be higher in water distribution systems as compared to this 

study. 
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Figure 4-5 Micromolar yield of HANs (µmol HAN / mol surfactant) upon reaction between 5 

mg/L chlorine and 0.1 mM QAC precursor. 

 

4.7 Potential HAN Formation Mechanism for QACs 

It can be hypothesized that, for the formation of nitrogenous DBPs during chlorination, “N” is 

sourced from the precursor molecule. For BZK (0.1 mM), the formation of DCAN upon reaction 

with 5 mg/L Cl2 could likely be associated with two reaction pathways. As mentioned by Linge 

et al. (2020), DCAN is formed due to the reaction of the alkyl acetonitrile with chlorine species 

following the loss of the aromatic group as the aromatic group is a resonance-stabilized leaving 

group. Another possible formation mechanism could be the addition of chlorine to the aromatic 
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ring via electrophilic substitution, thereby resulting in the formation of chlorinated aromatic ring 

and, eventually, cleavage of the aromatic ring and subsequent formation of DCAN.  

The formation of DCAN by CPC could potentially be explained by the following process: N-

ethylpyridinium, a compound similar to CPC with the only difference being the alkyl chain 

length, was converted to N-ethylpyridone upon reaction with an oxidant (Lin Wang et al., 2014). 

Chakrabartty et al. (1974) also suspected the formation of 2-pyridone when sodium hypohalite 

reacted with pyridine. The formation of pyridones from the oxidation of pyridinium salts is also 

confirmed by (Fuji et al., 1975). The pyridones might undergo further halogenation using 

residual chlorine and could yield trichloro substituted 2-pyridone (Katritzky et al., 1984).  

Trichloro substituted 2-pyridone can potentially undergo hydrolysis followed by ring cleavage to 

form choromethanamine, chlorocarbamic acid, 1-chloro-2-iminoethan-1-ol (Zhang et al., 2017). 

1-chloro-2-iminoethan-1-ol can yield HAN based on the hypothesized pathway proposed by 

(Zhang et al., 2017).  

Pyridones can also exist in their tautomeric state which is hydroxypyridone (C. Poully et al., 

2010). In the case of the QAC precursors, the tautomeric state would be as alkoxypyridones. N-

alkoxypyridones would then decompose to the parent pyridine and carbonyl compound (Silwa 

and Tartar, 1976). The pyridine could react with sodium hypohalite to yield CO2 and ammonia 

(Chakrabartty and Kretschmer, 1974).  Ammonia can then react with residual chlorine to form 

chloramine, which in turn reacts with the alkyl or carbonyl group to yield HAN.  
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4.8 Effect of Bromide on HAN Speciation 

Similar to THMs, brominated HANs are relatively more toxic than their non-brominated 

analogue. DBPFP tests were conducted at 50 and 500 µg/L Br- of bromide, thereby representing 

low and high levels of bromide in water sources. The micromolar yield of the 7 HANs was 

calculated and is represented in Figure 4-6. Given the higher affinity of bromine towards 

substitution compared to chlorine, formation of brominated HANs is favored (Bond et al., 2011). 

As seen in Figure 4-6, the higher the concentration of bromide in the sample matrix, the higher 

the micromolar yield of brominated HANs and the lower the yield of DCAN. Bromide, upon 

reaction with HOCl, forms HOBr which has a substantially higher reactivity in terms of 

substitution compared to HOCl. From Figure 4-6 (a) and Figure 4-6 (b), it can be seen that there 

is a drop in the total HANs formed when the concentration of bromide increases from 50 to 500 

µg/L. 

A similar trend was observed during the chlorination of histidine and glycine where there was a 

drop in the yield of HANs when the concentration of bromide increased (Li et al., 2017).  

It is also very likely that the HANs formed due to chlorination could hydrolyze to 

haloacetamides (Chen, 2011; Glezer et al., 1999). It has been seen that tri- and di-halogenated 

HANs are more susceptible to hydrolysis compared to the monochlorinated HANs at a pH of 7.2 

(Glezer et al., 1999), similar to the pH that is maintained throughout this study. In addition, the 

presence of hypochlorous acid can act as a catalyst towards hydrolysis of HAN to form N-

chloroamides (Glezer et al., 1999).   
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   (a)      (b) 

Figure 4-6 Micromolar yield of HANs (µmol HAN / mol surfactant) upon reaction between 5 

mg/L chlorine and 0.1 mM QAC precursor  

 

4.9 Bromine Substitution Factor for HANs: 

BSF for HANs is calculated by taking the ratio of the molar concentration of brominated HANs 

to the molar concentration of the total HANs formed (Zheng et al., 2020). The calculation of 

BSF for THM and is given by the following equations.  

𝐵𝑆𝐹ு஺ே௦ = 𝑀𝐵𝐴𝑁 ×  𝐵𝐷𝐶𝐴𝑁 ×  𝐵𝐶𝐴𝑁 + (2 ×  𝐷𝐵𝐴𝑁)4 × (𝑀𝐶𝐴𝑁 + 𝐷𝐶𝐴𝑁 + 𝑇𝐶𝐴𝑁 + 𝐵𝐷𝐶𝐴𝑁 + 𝐵𝐶𝐴𝑁 + 𝑀𝐵𝐴𝑁 + 𝐷𝐵𝐴𝑁) 

Based on Figure 4-7 showing the bromine substitution factor, when the concentration of Br- 

increases from 0 to 50 µg/L Br-,  there is a slight increase in %BSF for CPC and when the 

concentration of Br- increases from 50 to 500 µg/L Br-, an increase in the %BSF is observed for 
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some of the QACs. However, the yield of HAN for most of the QACs is below 200 µmol/mol, 

except for CPC, for which the HAN yield is approximately between 1000 to 1200 µmol/mol., 

indicating that among the 7 QACs included in this study, CPC, a compound with a heterocyclic 

ring formed significantly more HANs during chlorination. There are certain values in the %BSF 

equation that are below the MRL. As values below MRL cannot be used directly in the equation, 

these values are assumed to be zero prior to calculation. The assumption of zero is established 

based on information obtained from literature (Croghan and Egeghy, 2003), where the others 

stated that in statistical analysis, values that are below reporting limits are substituted by constant 

values such as zero. While the best approach would be to use computational tools in order to 

reduce left-censored bias, a large data set would be required and in this study the data set is 

limited to only duplicates.  

 

Figure 4-7 Percent bromine substitution factor for HANs upon reaction between 5 mg/L of chlorine 

and 0.1 mM QAC precursor. 
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For BEC, it can be seen that the bromine substitution in HANs is low even at a high bromide 

dose of 500 µg/L, similar to the BSF as seen with THMs. As discussed in section 4-5, the 

reaction between BEC and chlorine could have formed a variety of chlorinated and brominated 

intermediates, thus leaving insufficient bromine for the formation of brominated HANs. The BSF 

for HANs formed due to the reaction between CPC (0.1 mM) at 5 mg/L Cl2 jumps to a higher 

value with higher dose of bromide just as seen with the BSF for THMs. For BZK, a some % BSF 

is observed at 0 µg/L bromide. However, the standard deviation is quite high making it 

statistically insignificant. With the exception of BEC, the %BSF increases as the concentration 

of bromide in the sample matrix increases for QACs considered in this study.  

4.10 Nitrosamine Formation 

There was no significant formation of NDMA or other nitrosamines upon reaction of the 7 QACs 

with chlorine. The analysis of NDMA after the chlorination formation potential indicated values 

below MRL for all the precursors included in this study. It is expected that formation of 

nitrosamines is insignificant during chlorination as the formation pathway involves direct 

reaction with monochloramine rather than free chlorine (Mitch and Sedlak, 2001b; Chen and 

Young, 2008). Even for a prominent NDMA precursor dimethylamine, NDMA formation due to 

chlorination is an order of magnitude lower compared to NDMA formation due to 

chloramination (Mitch and Sedlak, 2001b). 

4.11 Conclusions 

Based on the results of the chlorination formation potential experiments of the 7 QACs included 

in this study, it can be seen that certain precursors contribute to DBP formation. The amount of 
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TCM formed for the seven precursors under this study due to chlorination follows the order of 

TMAC<TEAC<BEC<CPC<DTMA<CTMA<BZK. The yield of THMs per mole QACs at a 

chlorine dose of 5 mg/L as Cl2 ranged from approximately 160 to 6700 µmol/mol. In the 

presence of bromide, the speciation of THMs shifted to brominated analogues, and, as the 

concentration of bromide increased from 50 to 500 µg/L, the degree of bromine substitution also 

increased for all QACs except BEC. QACs, based on their functional groups are potential 

precursors to THMs, however, the yield of THMs due to QACs is low compared to prominent 

THM precursor such as resorcinol which has TCM molar yield of 0.95 (Gallard and Gunten, 

2002).  

CPC showed notable formation of HANs with DCAN yield of 980 µmol/mol followed by BZK 

and CTMA at 360 and 150 µmol/mol, respectively. For every other QAC, the yield of HANs was 

below 100 µmol/mol in the absence of bromide. In the presence of bromide, the speciation of 

HANs shifted to brominated analogues and, as the concentration of bromide increased from 50 to 

500 µg/L, the degree of bromine substitution also increased which is attributed to the higher 

reactivity of HOBr-. CPC is a potential precursor to HANs relative to the 7 QACs included in 

this study, However, in comparison to other known HAN precursors, the HAN yield from the 

chlorination of CPC is relatively low. For example, the DCAN yield of the amino acid tyrosine 

(0.5 mM) upon reaction with chlorine for 7 days is 0.095%. As expected, none of the QACs 

formed NDMA upon reaction with 5 mg/L free chlorine at a pH of 7, as monochloramine 

(electrophile) is required to attack the nitrogen of the DMA group in QACs to form any NDMA 

(Mitch and Sedlak, 2004).  
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Chapter 5 – Chloramination Formation Potential: Results 

and Discussion 

5.1 Introduction  

As studies have shown that chlorination of water samples containing organic matter contributes 

to higher amounts of regulated DBPs such as THMs and HAAs (Chu et al., 2017; Huang et al., 

2016; Shah et al., 2011), many utilities have resorted to alternative disinfection methods. One 

such alternative method is chloramination as it is proven to form relatively fewer THMs and 

HAAs. However, chloramination of waters containing organic matter is shown to form 

nitrogenous DBPs such as HANs, NOAs, haloacetamides (HAMs), haloketones (HKs), etc., 

which are relatively more toxic than the regulated DBPs. In this study, a specific group of 

organic precursors—quaternary ammonium compounds (QACs)—are assessed for their potential 

to form DBPs such as THMs, HANs, and NDMA upon chloramination. Additionally, the 

speciation of DBPs is also observed when bromide is spiked into the chloramination sample 

matrix.  

The focus on QACs is attributed to the fact that these compounds are present in a plethora of 

household and personal care products such as laundry detergents, fabric softeners, surface 

disinfectants, cosmetics, mouth wash, hand sanitizers, etc. The use of these compounds is not 

only limited at the household level but also widely employed in the hospital industry, thus 

contributing to a large QAC load in hospital wastewaters. In recent times, QACs are gaining a lot 

of attention due to their ability to inactivate the SARS-CoV-2 virus. In fact, these QACs are 

present in over 216 commercial products recommended by the CDC to inactivate the SARs-
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CoV-2 virus on surfaces. Given the current circumstances, i.e., the COVID-19 pandemic, it is 

reasonable to expect higher QAC load in wastewater compared to QAC concentrations before 

the pandemic.  

Eventually, QACs may end up in drinking water sources. Several studies have focused on the 

harmful effects of QACs. For example, QACs may promote antibiotic resistance in bacteria and 

are potential carcinogens (Kim et al., 2018; Harrison et al., 2020). However, studies that focus on 

the potential of QACs to form DBPs are rather scarce. On account of this research gap, the 

current chapter focuses on the DBP formation potential of QACs due to reaction with 

monochloramine.  

Additionally, it is also important to take into account the presence of bromide in the sample 

matrix since bromide ion tends to form brominated DBPs. Since brominated BBPs are more 

toxic than their chlorinated analogues, the change in speciation due to bromide presence can 

substantially increase the overall toxicity of the disinfected water. In this regard, a separate set of 

experiments was conducted to assess the potential of QACs to form DBPs during chloramination 

in the presence of bromide. 

5.2 Methods 

5.2.1 Formation Potential Experiments 

Preformed monochloramine (preparation described in section 3.1.3) was individually spiked into 

amber reaction bottles containing 0.1 mM QACs in buffered DI water (pH 7) to achieve a final 

total chlorine concentration of 140 mg/L in the sample matrix. The samples are subjected to a 

high concentration of monochloramine, as used in many prior studies (Beita-Sandí et al., 2020; le 
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Roux et al., 2011; Roux et al., 2012c), to assess the worst-case scenario for DBP formation from 

QACs. To assess the speciation of DBPs in the presence of bromide at low and high bromide 

concentrations, 50 and 500 µg/L of Br- was spiked into the chloramination sample matrix, 

respectively. The samples were allowed to react for 10 days in the dark at room temperature. 

5.2.2 DBP Extraction and Analysis  

At the end of the 10-day reaction period, residual total chlorine was measured in the sample 

matrix followed by quenching of monochloramine using sodium thiosulfate in order to terminate 

the chloramination reaction. DBPs were then extracted from the samples following appropriate 

extraction protocols as described in section 3.4. The extracted samples were analyzed for the 

corresponding DBPs using GC-MS. The methods for GC-MS analysis for specific DBPs are 

detailed in section 3.4. 

5.3 THM Formation 

The results from the chloramination formation potential tests indicated that trichloromethane 

(TCM) was the dominant of the 4 THMs formed in the presence of chlorine without any 

bromide. The micromolar yield of TCM formed for the seven precursors under this study due to 

chloramination is TMAC<TEAC<DTMA<CTMA<BZK<BEC<CPC. The formation of THMs 

during chloramination of 1 mM BZK was also observed by Chang et al. (2011), wherein the 

yields of THMs were 332.2±17.5 µg/L at a monochloramine dosage of dose of 140 mg/L. The 

yield of THMs per mol QACs at a monochloramine dose of 140 mg/L Cl2 is shown in Figure 5-

1. The yield yield of TCM was 3100, 36, 40, 3100, 730, 990, 2700 µmol/mol for BEC, TMAC, 

TEAC, CPC, DTMA, CTMA and BZK, respectively. 



 

71 

 

 

Figure 5-1 Micromolar yield (µmol THMs / mol surfactant) of THMs upon reaction between 

monochloramine at 140 mg/L Cl2 and 0.1 mM precursor (QAC). 

 

5.4 THM Formation Pathway  

The mechanism of formation for QACs into THMs is not yet known. It is possible that 

monochloramine could have been hydrolyzed to free chlorine, which then could have 

participated in the formation of TCM (Cimetiere et al., 2010; Nihemaiti et al., 2016); however, 

only a small fraction of monochloramine would hydrolyze, making this a minor reaction 

pathway. It is thus reasonable to assume that THM formation is likely attributed to direct 

oxidation of the QAC by monochloramine followed by decomposition of any oxidized 

intermediates formed in the process (Bi et al., 2013; Sfynia et al., 2020a). The formation of 

THMs as a result of reaction between BZK and monochloramine was also observed by another 
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group of researchers (Chang et al., 2011), but no mechanism was established. However, this is 

the first time THM formation due to the chloramination of BEC and CPC is reported. From 

Figure 5-1, it can be observed that TMAC and TEAC did not yield significant amounts of TCM, 

indicating that functional groups play an important role in THM formation during reaction with 

disinfectants. The reason for low TCM yields from TMAC and TEAC might be due to the 

possibility that they are unreactive to chlorine; however, information on this is unknown.  

Among the precursors that contributed to TCM, the aromatic precursors, namely BEC, CPC and 

BZK, yielded higher amounts of TCM compared to the non-aromatic precursors, namely DTMA 

and CTMA. The benzyl moiety is a better leaving group compared to the alkyl moiety (Piazzoli 

et al., 2018a); thus, oxidation of the benzyl moiety by chloramine should dominate compared to 

oxidation of the alkyl chain. In any case, studies have shown that aldehydes are formed during 

the chloramination of benzylated amines (Cimetiere et al., 2010; Kemper et al., 2010) and 

chlorinated pyridinium compounds (Nihemaiti et al., 2016). The aldehydes could potentially 

react with free chlorine (formed as a hydrolysis product of monochloramine) to form THMs.  

5.5 Effect of Bromide on THM Speciation 

As mentioned before, brominated DBPs are relatively more toxic than their chlorinated 

counterparts. DBPFP tests using preformed monochloramine were conducted at 50 and 500 

µg/Lof bromide, thereby representing low and high levels of bromide in water sources. It can be 

seen from Figure 5-2, the higher the concentration of bromide in the sample matrix, the higher 

the micromolar yield of brominated THMs and the lower the yield of trichloromethane. At low 

bromide concentration (50 µg/L), the formation of DCBM increased, and when the concentration 
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of bromide was high at 500 µg/L, the speciation of THMs shifts towards higher degree of 

bromination such as DBCM and TBM with a decrease in TCM concentration.   

According to Figure 5-2 (a) and (b), there is an overall increase in THMs when the concentration 

of bromide increases from 50 to 500 µg/L. This is because bromide reacts with NH2Cl to form 

NH2Br, NHClBr and NHBr2 which have more reactivity toward precursors compared to NH2Cl 

(Alsulaili, 2009; R. Liu et al., 2018). Thus, at a higher bromide concentration in the sample 

matrix, the greater concentration of reactive bromamine species contributed to higher total 

THMs.  

 

 

(a)          (b) 

Figure 5-2 Micromolar yield (µmol THMs / mol surfactant) of THMs upon reaction between 

monochloramine at 140 mg/L Cl2 and 0.1 mM of QAC precursor: (a) in the presence of 50 µg/L 

Br- and (b) in the presence of 500 µg/L Br-. 
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5.6 Bromine Substitution Factor for THMs 

BSF for THMs is calculated by taking the ratio of the molar concentration of brominated THMs 

to the molar concentration of the total THMs formed (Zheng et al., 2020). The calculation of BSF 

for THM is given by the following equations.  

𝐵𝑆𝐹்ுெ௦ = ஽஼஻ (ଶ × ஽஻஼ெ)ା(ଷ × ஼்஻ெ)ଷ × (்஼ெା஽஼஻ெା஽஻஼ெା )   

Based on Figure 5-3, when the concentration of Br- increased from 0 to 50 µg/L Br-, the increase 

in %BSF for the seven quaternary ammonium compounds included in this study was in the order 

of TEAC<TMAC<CPC<BEC<BZK<CTMA<DTMA, and when the concentration of Br- 

increased from 50 to 500 µg/L Br-, the increase in the %BSF was in the order of 

CPC<BEC<BZK<TEAC <TMAC<CTMA<DTMA. Although the %BSF of TEAC and TMAC 

increased with higher Br- concentration, the yield of THMs was relatively low as seen in Figure 

5-3.  

In the presence of bromide at 50 µg/L, the BSF ranges 2-15%. At a bromide concentration of 500 

µg/L, the BSF goes as high as 50% for most of the compounds, except for CPC which is at 12%.  

Although bromine substitution for THMs in the case of CPC is low, from Figure 5-2 (a) and (b), 

it can be seen that CPC contributes to higher THM yield in comparison to the other QACs 

included in this study. The low BSF is likely attributed to the high monochloramine to bromide 

ratio (140:0.5). While brominated THMs are formed in the presence of bromide, the presence of 

monochloramine at a high concentration (140 mg/L Cl2) shifts the equilibrium to favor more 

chlorinated species. As for the BSF of the remaining QACs in this study, it is possible that 

monochloramine is less reactive to these QACs even at high concentrations. In the presence of 

bromide, bromide reacts with monochloramine (NH2Cl) to form NH2Br, NHClBr and NHBr2 
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which have more reactivity toward precursors compared to NH2Cl (Alsulaili, 2009; R. Liu et al., 

2018), hence favoring higher bromide substitution for THMs contributed by BEC, DTMA, 

CTMA and BZK during chloramination. There are certain values in the %BSF equation that are 

below the MRL. As value below MRL cannot be used directly in the equation, these values are 

assumed to be zero prior to calculation. The assumption of zero is established based on 

information obtained from literature (Croghan and Egeghy, 2003), where the others stated that in 

statistical analysis, values that are below reporting limits are substituted by constant values such 

as zero. While the best approach would be to use computational tools in order to reduce bias, a 

large data set would be required and in this study the data set is limited to only duplicates. 

 

Figure 5-3 Percent bromine substitution factor for THMs upon reaction between 

monochloramine at 140 mg/L Cl2 and 0.1 mM QAC precursor.  
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The results from the formation potential tests indicated that DCAN was the dominant of the 7 

HANs that were formed in the presence of chlorine with no bromide (Figure 5-4). The amount of 

DCAN formed for the seven precursors under this study due to chloramination is 

TMAC<TEAC<CTMA<DTMA<CTMA<BZK<BEC<CPC. The molar formation of DCAN 

upon disinfection varies depending on the disinfection dose, compound structure, and functional 

groups (Le Roux et al., 2011; Yang et al., 2012b). Chloramination of phenol at pH 7 yielded a 

molar ratio of 34,600 µmol/mol while under similar conditions 1,2,4-trihydroxybenzene yielded 

450 µmol/mol (Shao et al., 2020). In our experiments, the highest DCAN micromolar yield was 

obtained for CPC at 4300 µmol/mol.  

 

 

Figure 5-4 Micromolar yield (µmol HAN / mol surfactant) of HANs upon reaction between 

monochloramine at 140 mg/L Cl2 and 0.1 mM QAC precursor 
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5.8 HAN Formation Pathway  

The nitrogen in HAN could potentially be sourced from the nitrogen in the precursor molecule or 

from the chloramine molecule. It is likely that the alkyl pyridinium compound would form its 

oxidation product, pyridone. Upon reaction with excess preformed monochloramine, trichloro 

substituted pyridone could be formed. Eventually, cleavage of the heterocyclic ring occurs upon 

continued reaction with monochloramine resulting in the formation of haloacetaldehydes and 

haloacetamides (Nihemaiti et al., 2016). Nucleophillic addition of monochloramine on the 

carbonyl carbon of the haloacetaldehyde molecule takes place resulting in the formation of 

carbinolamines. Carbinolamines lose a water molecule to halo-imines followed by 

decomposition to form haloacetonitriles (Kimura, 2013). 

BEC, CPC and BZK were the only compounds of the 7 precursors included in this study that 

formed significant amounts of HANs upon reaction between 0.1 mM precursor and 140 mg/L 

monochloramine. Based on the structures of these compounds (Table 3-2), it can thus be 

assumed that aromatic precursors react well with monochloramine to form HANs compared to 

the non-aromatic precursors considered in this study (L. Linge et al., 2020). Similar observations 

were recorded where DCAN formation was higher for aromatic amines than the non-aromatic 

analogues. The authors also concluded that the popular aldehyde formation pathway for DCAN 

formation from amino acids is not followed for DCAN formed from amino acids with an 

aromatic ring system. The most probable HAN formation pathway would involve the cleavage of 

the aromatic structure followed by electrophilic substitution of chlorine and the addition of 

monochloramine to the ring system (Linge et al., 2020). Interestingly, it is highly possible that 

nitrogen in DCAN is sourced from mostly from monochloramine (Linge et al., 2020). 
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5.9 Effect of Bromide on HAN Speciation 

Similar to THMs, the brominated species of HANs are more toxic than the chlorinated 

analogues. DBPFP tests were conducted at 50 and 500 ppb of bromide, thereby representing low 

and high levels of bromide in water sources. The micromolar yield of the 7 HANs was calculated 

and is represented in Figure 5-5. At a bromide concentration of 50 µg/L Br-, the speciation had 

not shifted much compared to samples with no bromide-; DCAN was the greatest fraction. 

However, at a high bromide concentration of 500 µg/L Br-, the speciation shifts slightly resulting 

in the formation of BCAN and DBAN. Overall, even in the presence of bromide, DCAN is the 

dominant HAN formed during chloramination.   
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(a)      (b) 

Figure 5-5 Micromolar yield (µmol HAN / mol surfactant) of HANs upon reaction between 

monochloramine at 140 mg/L Cl2 and 0.1 mM of QAC precursor: (a) in the presence of 50 µg/L 

Br- and (b) in the presence of 500 µg/L Br-. 
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Figure 5-6 Percent bromine substitution factor for HANs upon reaction between 
monochloramine at 140 mg/L Cl2 and 0.1 mM QAC precursor.  
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significant amounts of HANs. There are certain values in the %BSF equation that are below the 

MRL. As value below MRL cannot be used directly in the equation, these values are assumed to 

be zero prior to calculation. The assumption of zero is established based on information obtained 

from literature (Croghan and Egeghy, 2003), where the others stated that in statistical analysis, 

values that are below reporting limits are substituted by constant values such as zero. While the 

best approach would be to use computational tools in order to reduce bias, a large data set would 

be required and in this study the data set is limited to only duplicates. 

5.11 NDMA Formation 

The results of the chloramine FP tests clearly show that among the 7 QACs included in this 

study, BEC and BZK are the only precursors that formed NDMA as seen in Figure 5-7. The 

formation of NDMA for TMAC, TEAC, CPC, DTMA, and CTMA were all below the MRLs. In 

addition, other nitrosamines were not detected above their reporting limits. The average 

micromolar yield of NDMA from BEC and BZK due to chloramination at 140 mg/L Cl2 in the 

absence of bromide were 720 and 250 µmol/mol respectively. The micromolar yield of NDMA 

by BEC is approximately 3 times that of BZK, which is a well-known precursor for NDMA 

(Chang and Wang, 2011; Kemper et al., 2010; Piazzoli et al., 2018). In a study by Piazzoli et al. 

(2018), the authors reported NDMA formation below 0.09% molar yield upon reaction of BZK 

with a 10-fold molar excess of monochloramine at a pH of 7, and this is consistent with the 

findings of this research. However, when the pH was increased to 8, the NDMA molar yield 

increased to 0.56±0.03% (Piazzoli et al., 2018). This indicates that the molar yield of NDMA is 

pH dependent. This pH dependency could be attributed to the increased stability of 

monochloramine at higher pH, thereby enabling higher monochloramine exposure. Upon 
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comparing total nitrosamine yield and NDMA yield, it was observed that NDMA accounted only 

for a minor portion of the total nitrosamines (Piazzoli et al., 2018). Further analysis indicated that 

N-nitroso-N-methyldodecylamine, a novel nitrosamine, contributed to a major fraction of 

nitrosamines (Piazzoli et al., 2018). In that regard, although our analysis did not include this 

novel nitrosamine, it cannot be neglected that BZK is a nitrosamine precursor, and QACs may 

form nitrosamines that were not analyzed in this study.  

 

   

(a)    (b)     (c) 

Figure 5-7 Micromolar yield (µmol NDMA / mol surfactant) of NDMA upon reaction between 

monochloramine at 140 mg/L Cl2 and 0.1 mM of QAC precursor: (a) absence of Br- (b) in the 

presence of 50 µg/L Br- and (c) in the presence of 500 µg/L Br 
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The formation of NDMA upon chloramination of BZK could potentially be due to the electron 

donating nature of quaternary ammonium and benzyl radical functional groups (Chang et al., 

2011; Kemper et al., 2010). The cleavage of the nitrogen and benzyl bond as a result of 

nucleophilic substitution reaction by monochloramine likely results in the formation of 

dimethylalkylamine and a tropylium cation. Dimethylalkylamine, upon continued reaction with 

preformed monochloramine, could yield NDMA (Chang et al., 2011; Tezel and Pavlostathis, 

2009). From Figure 5-7 it can also be seen that the presence of bromide at 50 or 500 µg/L has no 

influence on the formation of NDMA since the micromolar yield is similar.  

This is the first time the formation of NDMA is reported due to reaction between BEC and 

monochloramine. Due to extremely scarce information on the potential intermediates of BEC 

upon the reaction with monochlormaine, it is difficult to predict a formation pathway at this point 

of time. However, given the fact that benzyl group is a better leaving group compared to an alkyl 

group, the benzyl group imparts a stronger electron donating effect on the DMA moiety; 

therefore, higher NDMA formation rates would be expected during chloramination (Piazzoli et 

al., 2018; Shen and Andrews, 2011). The presence of the benzyl group could explain why BEC 

and BZK were the only ones that formed NDMA upon reaction with monochloramine out of the 

7 QACs included in this study as they were the only compounds that contain benzyl groups. This 

could also potentially explain why BEC, which has 2 benzyl groups, formed NDMA at a 

relatively higher micromolar yield compared to BZK which only has 1 benzyl group. 

Nevertheless, further studies are warranted to investigate potential NDMA formation pathways 

due to reaction between BEC and monochloramine by possibly conducting a full scan GC-MS 

analysis and identifying potential intermediates.  
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It was also reported by Piazzoli et al. (2018) that the reaction between 200-fold molar excess of 

monochloramine with 0.1 mM TMAC and CTMA did not yield significant NDMA, which is 

consistent with the findings of our studies. Given that the structures of TEAC and DTMA are 

similar to TMAC and CTMA respectively, it is reasonable to assume that there was no 

significant NDMA formation because TMAC, TEAC, CTMA, and DTMA are less susceptible to 

reactions with monochloramine compared to benzylated quaternary amines. Also, it has been 

stated by Mitch and Sedlak (2004) that QACs contribute to relatively lower NDMA yields 

because of the absence of a free lone pair on the DMA-nitrogen in QAC molecules, thus making 

it difficult for monochloramine (electrophile) to react.  

5.12 Conclusions 

Based on the results of the chloramination formation potential experiments of the 7 QACs 

included in this study, it can be seen that certain precursors contribute to DBP formation. 

Trichloromethane formed was in the order of TMAC<TEAC<DTMA<CTMA<BZK<BEC<CPC 

with the yield ranging from approximately 36 to 3140 µmol/mol.  In the presence of bromide, the 

speciation of THMs shifted to brominated analogues, and, as the concentration of bromide 

increased from 50 to 500 µg/L, the degree of bromine substitution also increased for all QACs,  

Dichloroacetonitrile was the dominant species formed upon reaction between the seven 

quaternary ammonium compounds (0.1 mM) and monochloramine (140 mg/L as Cl2) in the 

order of TMAC<TEAC<CTMA<DTMA<CTMA<BZK<BEC<CPC with yields ranging from 

4.5 to 4000 µmol/mol. In the presence of bromide, the speciation of HANs shifted slightly to 

brominated analogues and, as the concentration of bromide increased from 50 to 500 µg/L, the 
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degree of bromine substitution also increased. However, DCAN remained as the primary HAN 

formed.  

Notable formation of NDMA was observed during the reaction between QACs (0.1 mM) and 

monochloramine (140 mg/L Cl2), especially with benzylated precursors, namely BEC and BZK. 

Given that the benzyl group is a relatively better leaving group comapred to alkyl groups and 

also that the electron donating nature of the benzyl group increases the elecrtron density on the N 

atom, a neucleophillic attack on the chloramine is favoredClick or tap here to enter text., thus 

explaining why the benzylated QACs formed NDMA in comparison to the remaining 5 QACs. It 

was also interesting to note that BEC formed NDMA with a yield 3 times that formed by BZK. 

This is likely due to the presence of two aromatic rings in BEC as compared to one ring in BZK.  
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Chapter 6 - Prediction of DBP Concentrations in the 

Environment by QAC Precursors 

Based on the DBP micromolar yield values obtained from this study, predictive calculations 

were done to assess concentrations of DBPs that could be formed by chlorination of QACs at 

environmentally relevant concentrations. In order to achieve this, an assumption was made that 

the concentrations of all QACs in this study are the same. This assumption was made based on 

the lack of information regarding environmental concentrations of QACs in water sources. 

Among the 7 QACs included in this study, BZK was the only QAC for which environmental 

concentrations were reported. The concentration of BZK in Taiwanese rivers with industrial 

effluents were as high as 65 and 100 µg/L respectively (Ding and Liao, 2000). BZK 

concentration in the surface water downstream from five wastewater treatment plants (WWTP) 

in the US was as high as 36.6 µg/L. Pati and Arnold (2020) reported a BZK concentration of 

approximately 8 µg/L upon analyzing the wastewater effluents from several WWTPs in 

Minnesota, US. However, all these values reported are before the COVID-19 pandemic. 

Considering the functionality and application of QACs, it can be expected that the concentrations 

of QACs in the wastewater effluents can be higher today as a consequence of the COVID-19 

pandemic (Hora et al., 2020). In that regard, a QAC value of 400 µg/L is assumed to be present 

in the environment and the corresponding concentration of DBPs at a pH of 7 is summarized 

from Table 6-1 through Table 6-5. 400 µg/L represents one order of magnitude increase in BZK 

concentrations compared to measured concentrations in surface water downstream from WWTPs 

in the US. The prediction is made based on the DBP micromolar yield results obtained from the 

experiments in the research.  
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Table 6-1 Predicted concentration of THMs during chlorination (5 mg/L Cl2) of 400 ug/L of 
QACs.  

CBD – Cannot Be Determined (Because one or more experimental values are below MRL) 

Sample Bromide 
Conc. 
(µg/L) 

TCM 
(µg/L) 

DCBM 
(µg/L) 

DBCM 
(µg/L) 

TBM 
(µg/L) 

Total 
THM Env. 

Conc. 
(µg/L) 

BEC 0 0.14 CBD CBD CBD 0.14 
TMAC 0 0.051 CBD CBD CBD 0.051 
TEAC 0 0.044 CBD CBD CBD 0.044 
CPC 0 0.34 CBD CBD CBD 0.34 

DTMA 0 0.61 CBD CBD CBD 0.61 
CTMA 0 0.69 CBD CBD CBD 0.69 
BZK 0 1.2 0.030 CBD CBD 1.2 
BEC 50 0.12 0.0042 CBD CBD 0.12 

TMAC 50 0.043 0.024 0.0091 CBD 0.076 
TEAC 50 0.043 0.015 CBD CBD 0.058 
CPC 50 0.16 0.058 0.018 0.003 0.24 

DTMA 50 0.67 0.22 0.034 CBD 0.92 
CTMA 50 0.16 0.24 0.051 CBD 0.45 
BZK 50 0.52 0.41 0.19 0.020 1.10 
BEC 500 0.12 0.0051 0.0055 CBD 0.13 

TMAC 500 0.028 0.027 0.037 0.023 0.12 
TEAC 500 0.02 0.024 0.023 0.011 0.078 
CPC 500 0.061 0.28 0.39 0.20 0.93 

DTMA 500 0.25 0.51 0.38 0.10 1.2 
CTMA 500 0.027 0.33 0.55 0.25 1.1 
BZK 500 0.38 0.68 0.62 0.32 2.0 
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Table 6-2 Predicted concentrations of HANs during chlorination (5 mg/L Cl2) of 400 ug/L of 
QACs.  

CBD – Cannot Be Determined (Because one or more experimental values are below MRL) 

Sample Bromide 
Conc. 
(μg/L) 

MCAN 
(µg/L) 

DCAN 
(µg/L) 

BCAN 
(µg/L) 

DBAN 
(µg/L) 

Total 
HAN Env. 

Conc. 
(µg/L) 

BEC 0 CBD 0.0084 CBD CBD 0.0084 
TMAC 0 CBD CBD CBD CBD CBD 
TEAC 0 CBD 0.011 CBD CBD 0.011 
CPC 0 CBD 0.22 CBD CBD 0.22 

DTMA 0 CBD 0.0082 CBD CBD 0.0082 
CTMA 0 CBD 0.035 CBD CBD 0.035 
BZK 0 CBD 0.10 CBD CBD 0.10 
BEC 50 CBD 0.0093 CBD CBD 0.0093 

TMAC 50 CBD CBD CBD CBD CBD 
TEAC 50 CBD 0.011 CBD CBD 0.011 
CPC 50 CBD 0.21 0.057 0.0047 0.27 

DTMA 50 CBD 0.011 CBD CBD 0.011 
CTMA 50 CBD 0.0076 CBD CBD 0.0076 
BZK 50 CBD 0.015 CBD CBD 0.015 
BEC 500 CBD 0.011 CBD CBD 0.011 

TMAC 500 CBD CBD 0.0061 0.0091 0.015 
TEAC 500 CBD CBD CBD CBD CBD 
CPC 500 CBD 0.03 0.09 0.082 0.20 

DTMA 500 CBD 0.007 0.0098 0.01 0.027 
CTMA 500 CBD 0.0037 0.0014 CBD 0.0051 
BZK 500 CBD 0.0086 0.0076 0.0077 0.024 
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Table 6-3 Predicted concentration of HANs during chloramination (140 mg/L Cl2) of 400 ug/L 
of QACs.  

CBD – Cannot Be Determined (because one or more experimental values are below MRL) 

Sample Bromide 
Conc. 
(µg/L) 

MCAN 
(µg/L) 

DCAN 
(µg/L) 

BCAN 
(µg/L) 

DBAN 
(µg/L) 

Total 
HAN Env. 

Conc. 
(µg/L) 

BEC 0 0.0013 0.17 CBD CBD 0.17 
TMAC 0 CBD 0.014 CBD CBD 0.014 
TEAC 0 CBD 0.0074 CBD CBD 0.0074 
CPC 0 0.0026 0.55 CBD CBD 0.55 

DTMA 0 CBD 0.015 CBD CBD 0.015 
CTMA 0 CBD 0.0098 CBD CBD 0.0098 
BZK 0 0.0021 0.10 CBD CBD 0.10 
BEC 50 0.0021 0.10 0.0029 CBD 0.10 

TMAC 50 CBD 0.015 CBD CBD 0.015 
TEAC 50 CBD 0.0078 CBD CBD 0.0078 
CPC 50 0.0048 0.97 0.0034 CBD 0.97 

DTMA 50 CBD 0.011 0.0015 CBD 0.013 
CTMA 50 CBD 0.017 0.0018 CBD 0.018 
BZK 50 0.0018 0.17 0.012 CBD 0.18 
BEC 500 0.0016 0.082 0.030 0.0029 0.11 

TMAC 500 CBD CBD CBD CBD CBD 
TEAC 500 CBD CBD 0.0025 CBD 0.0025 
CPC 500 0.0065 0.61 0.036 0.0040 0.65 

DTMA 500 CBD 0.0056 0.0057 0.0036 0.015 
CTMA 500 0.0011 0.0084 0.0071 0.0040 0.019 
BZK 500 0.0039 0.18 0.10 0.041 0.33 
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Table 6-4 Predicted concentration of NDMA during chloramination (140 mg/L Cl2) of 400 ug/L 
of QACs.  

CBD – Cannot Be Determined (because one or more experimental values are below MRL) 

Sample Bromide concentration 
(µg/L) 

NDMA (ng/L) 

BEC 0 48 

TMAC 0 CBD 

TEAC 0 CBD 

CPC 0 CBD 

DTMA 0 CBD 

CTMA 0 CBD 

BZK 0 27 

BEC 50 48 

TMAC 50 CBD 

TEAC 50 CBD 

CPC 50 CBD 

DTMA 50 CBD 

CTMA 50 CBD 

BZK 50 38 

BEC 500 50 

TMAC 500 CBD 

TEAC 500 CBD 

CPC 500 CBD 

DTMA 500 CBD 

CTMA 500 CBD 

BZK 500 23 
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Based on the predicted concentration of DBPs, it can be seen that the concentration of THMs 

formed either due to chlorination or chloramination of all of the 7 QACs was relatively low, i.e., 

less than 2 µg/L in comparison to the drinking water MCL for THMs at 80 µg/L. The same 

applies for HANs, where the concentration of HANs formed either by chlorination or 

chloramination of QACs is relatively low at values <1 µg/L compared to the World Health 

Organization’s drinking water guidelines at 20 µg/L for dichloroacetonitrile.  

In the case of predicted NDMA concentration, the values were in the range of 22–50 ng/L for 

BEC and BZK as they were the only compounds that yielded NDMA of the 7 QACs included in 

this study. Although the predicted NDMA concentration is less than the WHO guideline of 100 

ng/L, the values are well above the 1 × 10-6 cancer risk level of 0.7 ng/L for drinking water (EPA 

IRIS, 1993). Thus, an increase in QAC concentration could lead to a significant NDMA 

concentrations for water treatment plants practicing chloramination. However, it is also to be 

noted that the DBP concentration values obtained from this study are due to formation potential 

conditions, i.e., to achieve maximum DBP yield. Thus, the concentrations overestimate DBP 

formation and are not indicative of typical disinfection systems.  

It should be noted that, even though the predicted concentration of DBPs formed due to reaction 

between QACs and disinfectants is low compared to the drinking water standards and guidelines, 

QACs could still contribute to the overall DBPs that are formed from drinking water sources. 

QACs are one among a plethora of precursors that form DBPs during disinfection of water; thus, 

it is still important to take note of the low DBP concentrations formed by ubiquitous QACs.  
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Chapter 7 – Conclusions and Recommendations 

Quaternary ammonium compounds are present in a plethora of household cleaning products such 

as surfactants, laundry detergents, and fabric conditioners, as well as consumer care products 

such as mouth wash, cosmetics, hand sanitizers, etc.  Besides wide use at the household level, 

QACs are extensively employed in hospitals as disinfectants. In fact, among the products 

recommended by the CDC to inactivate COVID-19 virus on surfaces, about 216 of these 

products contain QACs. Eventually, large quantities of these compounds end up in the 

wastewater stream and a portion of the load escapes into the environment. Pati and Arnold, 

(2020) found QACs in wastewater effluents at concentrations as high as 8.3 µg/L from the 

wastewater effluents in Minnesota, USA.  BZK was also detected in surface water downstream 

of wastewater treatment plants in the US at concentrations as high as 36.3 µg/L (C. Zhang et al., 

2015b). While these compounds have environmental implications of their own such as 

promoting antibiotic resistance, disinfection of wastewater (municipal, hospital and industrial) 

and drinking water using chlorine or chloramine, or combinations of both can give rise to 

disinfection byproducts such as THMs, HANs and NDMA. It is thus important to understand the 

potential of these QACs to form disinfection byproducts. Ding et al. (2018) used the caption 

“Big database” for the formation of DBPs from pharmaceuticals and personal care products. 

Information gathered from this study could contribute to the “Big database” as QACs are found 

in many personal care products. However, it is also important to note that in the case of 

chloramination formation potential, the dose of monochloramine is very high compared to 

standard disinfection practices by water and wastewater utilities; thus, the DBPs are an 

overestimation. In the case of chlorination formation potential tests, the chlorine dose is more 
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consistent with actual disinfection practices; however, DBP yields could also be underestimated 

as some distribution systems have booster stations that would increase chlorine residual and 

continue DBP formation.  

On basis of the results obtained through this study, the following conclusions are made: 

 Quaternary ammonium compounds do have the potential to form THMs upon treatment with 

chlorine and monochloramine. At a precursor dose of 0.1 mM and a free chlorine dose of 5 

mg/L as Cl2, the yield of TCM was in the order of 

TMAC<TEAC<BEC<CPC<DTMA<CTMA<BZK for the seven precursors included in this 

study. At the same precursor dose and a monochloramine dose of 140 mg/L as Cl2, the yield 

of TCM was found out to be in the order of 

TMAC<TEAC<DTMA<CTMA<BZK<BEC<CPC.  

 Quaternary ammonium compounds do have the potential to form HANs upon treatment with 

chlorine and monochloramine. DCAN is the dominant HAN formed upon reaction of 0.1 

mM of the precursors with free chlorine (5 mg/L as Cl2). The amount of DCAN formed for 

the seven precursors under this study due to chlorination is 

TMAC<TEAC<DTMA<BEC<CTMA<BZK<CPC. DCAN is again the dominant of the 

HANs formed upon reaction of 0.1 mM of precursor with monochloramine (140 mg/L as 

Cl2). The amount of DCAN formed for the seven precursors under this study due to 

chloramination is TMAC<TEAC<CTMA<DTMA<CTMA<BZK<BEC<CPC. 

 Quaternary ammonium compounds do have the potential to form NDMA upon treatment 

with monochloramine. It can be seen that, upon reaction of 0.1 mM of the seven precursors 

with of monochloramine (140 mg/L Cl2), only BEC and BZK formed relatively significant 
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amounts of NDMA. The yield of NDMA due to rest of the precursors was below the limit of 

detection. The average micromolar yield of NDMA from BEC and BZK due to 

chloramination at 140 mg/L as Cl2 in the absence of bromide were 721.2 and 250.80 

µmol/mol, respectively, thus making the micromolar yield of NDMA by BEC approximately 

3 times that of BZK. 

 The presence of bromide at low and high concentrations affects the speciation of THMs and 

HANs upon treatment with chlorine and monochloramine. As the concentration of bromide 

in the aqueous matrix increases from 0 to 50 µg/L, the speciation of the THMs shifts from 

chlorinated methanes to mono- and di-bromo substituted methanes. As the concentration of 

bromide increases from 50 to 500 µg/L, the tri-bromo substituted halomethane (bromoform) 

is formed.  

 Quaternary ammonium compounds upon reaction with aqueous ozone do not yield N-

nitrosamines or the concentration of any N-nitrosamines formed are below the limit of 

detection. This could be attributed to the degradation of QACs by hydroxyl radicals formed 

by ozone or selective oxidation of double bonds leading to intermediates that are not part of 

the aldehyde formation pathway. Additionally, ozone selectively reacts with particular 

precursors to form NDMA. Thus the structural characteristic of a compound is important for 

determining if the compound forms DBPs due to ozonation.  

Considering the research gaps for the potential of QACs to form disinfection byproducts, the 

following recommendations for future work are addressed below: 

 As there is currently no research done to determine the speciation of HANs and THMs due 

reaction of QACs with chlorine and chloramine in the presence of iodide, a study on this 
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matter can be conducted. This would be important for the DBP field because iodinated 

species of DBPs are relatively more toxic than the chlorinated or brominated analogues.  

 As this is the first time the potential of cetylpyridinium chloride to form HANs upon 

chlorination and chloramination is reported, a full scan GC-MS analysis of the final extract is 

warranted to determine potential intermediates formed. With the information on the potential 

intermediates formed post chlorination, a more refined HAN formation pathway can be 

proposed (L. Linge et al., 2020). In fact, experiments can be conducted to determine the 

source of nitrogen in HANs i.e., whether nitrogen is sourced from the oxidant 

(monochloramine) or the precursor (QACs).  

 As this is the first time the potential of benzethonium chloride to form NDMA upon 

chloramination is reported, a full scan LC-MS analysis of the final extract is warranted to 

determine potential intermediates formed. This information would pave the way to propose 

probable NDMA formation pathways as a result of the reaction between BEC and 

monochloramine.  

 As formation of DBPs are affected by pH, DBP formation potential experiments can be 

conducted by varying the pH and measuring DBP yields.  

 Due to the likelihood of HAN hydrolysis to haloacetamides, an analysis of the potential of 

QACs to form haloacetamides upon reaction with chlorine and monochloramine is 

warranted. Additionally, a full scan GC-MS spectra could help determine the corresponding 

haloacetamide reaction pathway through the identification of possible intermediate 

compounds.  

 Development of methods for the analysis of individual QACs and analysis of the residual 

concentration of each precursor is needed to determine the consumption of the same during 
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the process of disinfection. Doing so will also help us in determining the degradation kinetics 

of individual QACs during disinfection.  

 Once methods for analyzing QACs are developed, environmental samples can be collected 

and measured for individual QACs.  
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Appendix  

Note – Entries in red are micromolar yield values where the analyte concentration is below the 

method reporting limit (MRL). NA = Not available; *the value of one duplicate is below the 

MRL. 

Micromolar yield of TCM due to chlorination (5 mg/L Cl2) of 0.1 mM QAC with and without 
bromide.  

TCM 

Br- 

Conc. 

(µg/L) 

Sample Set 1 

µmol/mol 

Set 2 

µmol/mol 

Average 

µmol/mol 

Std. Dev CV (%) 

0 BEC 970 1600 1285 450 35% 

0 TMAC <25 <25 <25 NA NA 

0 TEAC <25 <25 <25 NA NA 

0 CPC 2300 2600 2450 210 8.7% 

0 DTMA 3500 3200 3350 210 6.3% 

0 CTMA 4600 4600 4600 0 0% 

0 BZK 5200 8200 6700 2100 32% 

50 BEC 1100 1100 1100 0 0% 

50 TMAC <25 <25 <25 NA NA 

50 TEAC <25 <25 <25 NA NA 

50 CPC 1300 960 1130 240 21% 
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50 DTMA 2400 5000 3700 1800 50% 

50 *CTMA <25 2100 *2100 NA NA 

50 BZK 970 4900 2900 2800 95% 

500 BEC 850 1400 1100 390 35% 

500 TMAC <25 <25  <25 NA NA 

500 TEAC <25 <25 <25 NA NA 

500 *CPC <25 880 *880 NA NA 

500 DTMA 1600 1200 1400 280 20% 

500 *CTMA <25 360 *360 NA NA 

500 BZK 810 3500 2200 1900 88% 

 

Micromolar yield of DCBM due to chlorination (5 mg/L Cl2) of 0.1 mM QAC with and without 
bromide. 

DCBM 

Br- 

Conc. 

(µg/L) 

Sample Set 1 

µmol/mol 

Set 2 

µmol/mol 

Average 

µmol/mol 

Std. Dev CV (%) 

0 BEC <12 <12 <12 NA NA 

0 TMAC <12 <12 <12 NA NA 

0 TEAC <12 <12 <12 NA NA 

0 CPC <12 <12 <12 NA NA 

0 DTMA <12 <12 <12 NA NA 
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0 CTMA <12 <12 <12 NA NA 

0 BZK 5.1 240 120 170 136% 

50 BEC 32 26 29 4.2 15% 

50 TMAC 26 54 40 20 49% 

50 TEAC 27 49 38 16 41% 

50 CPC 370 230 300 99 33% 

50 DTMA 550 1200 880 460 53% 

50 CTMA 1400 990 1200 290 24% 

50 BZK 460 2900 1700 1700 103% 

500 BEC 31 39 35 5.7 16% 

500 TMAC 20 71 46 36 79% 

500 TEAC 40 81 61 29 48% 

500 CPC 1600 1300 1500 210 15% 

500 DTMA 2300 1800 2050 350 17% 

500 CTMA 2100 1100 1600 710 44% 

500 BZK 2500 3100 2800 420 15% 
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Micromolar yield of DBCM due to chlorination (5 mg/L Cl2) of 0.1 mM QAC with and without 
bromide. 

DBCM 

Br- 

Conc. 

(µg/L) 

Sample Set 1 

µmol/mol 

Set 2 

µmol/mol 

Average 

µmol/mol 

Std. Dev CV (%) 

0 BEC <9.6 <9.6 <9.6 NA NA 

0 TMAC <9.6 <9.6 <9.6 NA NA 

0 TEAC <9.6 <9.6 <9.6 NA NA 

0 CPC <9.6 <9.6 <9.6 NA NA 

0 DTMA <9.6 <9.6 <9.6 NA NA 

0 CTMA <9.6 <9.6 <9.6 NA NA 

0 BZK <9.6 <9.6 <9.6 NA NA 

50 BEC <9.6 <9.6 <9.6 NA NA 

50 *TMAC <9.6 15 *15 NA NA 

50 TEAC <9.6 <9.6 <9.6 NA NA 

50 CPC 58 90 74 23 31% 

50 DTMA 65 150 110 60 56% 

50 CTMA 160 230 200 49 25% 

50 BZK 330 900 620 400 66% 

500 BEC 36 23 30 9.2 31% 

500 TMAC 23 75 49 37 75% 

500 TEAC 31 59 45 20 44% 
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500 CPC 2000 1200 1600 570 35% 

500 DTMA 1300 1100 1200 140 12% 

500 CTMA 1500 2700 2100 850 40% 

500 BZK 2600 1400 2000 850 42% 

 

Micromolar yield of TBM due to chlorination (5 mg/L Cl2) of 0.1 mM QAC with and without 
bromide. 

TBM 

 
Br- 

Conc. 

(µg/L) 

Sample Set 1 

µmol/mol 

Set 2 

µmol/mol 

Average 

µmol/mol 

Std. Dev CV (%) 

0 BEC <7.9 <7.9 <7.9 NA NA 

0 TMAC <7.9 <7.9 <7.9 NA NA 

0 TEAC <7.9 <7.9 <7.9 NA NA 

0 CPC <7.9 <7.9 <7.9 NA NA 

0 DTMA <7.9 <7.9 <7.9 NA NA 

0 CTMA <7.9 <7.9 <7.9 NA NA 

0 BZK <7.9 <7.9 <7.9 NA NA 

50 BEC <7.9 <7.9 <7.9 NA NA 

50 TMAC <7.9 <7.9 <7.9 NA NA 

50 TEAC <7.9 <7.9 <7.9 NA NA 

50 CPC <7.9 <7.9 <7.9 NA NA 
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50 DTMA <7.9 <7.9 <7.9 NA NA 

50 CTMA <7.9 <7.9 <7.9 NA NA 

50 BZK 18 90 54 51 94% 

500 BEC <7.9 <7.9 <7.9 NA NA 

500 TMAC 10 39 25 21 84% 

500 TEAC 10 26 18 11 63% 

500 CPC 660 690 680 21 3.1% 

500 DTMA 300 240 270 42 16% 

500 CTMA 170 1400 790 870 110% 

500 BZK 860 860 860 0 0% 

 

Micromolar yield of MCAN due to chlorination (5 mg/L Cl2) of 0.1 mM QAC with and without 
bromide. 

MCAN 

Br- 

Conc. 

(µg/L) 

Sample Set 1 

µmol/mol 

Set 2 

µmol/mol 

Average 

µmol/mol 

Std. Dev CV (%) 

0 BEC <6.2 <6.2 <6.2 NA NA 

0 TMAC <6.2 <6.2 <6.2 NA NA 

0 TEAC <6.2 <6.2 <6.2 NA NA 

0 CPC <6.2 <6.2 <6.2 NA NA 

0 DTMA <6.2 <6.2 <6.2 NA NA 
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0 CTMA <6.2 <6.2 <6.2 NA NA 

0 BZK <6.2 <6.2 <6.2 NA NA 

50 BEC <6.2 <6.2 <6.2 NA NA 

50 TMAC <6.2 <6.2 <6.2 NA NA 

50 TEAC <6.2 <6.2 <6.2 NA NA 

50 CPC <6.2 <6.2 <6.2 NA NA 

50 DTMA <6.2 <6.2 <6.2 NA NA 

50 CTMA <6.2 <6.2 <6.2 NA NA 

50 BZK <6.2 <6.2 <6.2 NA NA 

500 BEC <6.2 <6.2 <6.2 NA NA 

500 TMAC <6.2 <6.2 <6.2 NA NA 

500 TEAC <6.2 <6.2 <6.2 NA NA 

500 CPC <6.2 <6.2 <6.2 NA NA 

500 DTMA <6.2 <6.2 <6.2 NA NA 

500 CTMA <6.2 <6.2 <6.2 NA NA 

500 BZK <6.2 <6.2 <6.2 NA NA 

 

Micromolar yield of DCAN due to chlorination (5 mg/L Cl2) of 0.1 mM QAC with and without 
bromide. 

DCAN 
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Br- 

Conc. 

(µg/L) 

Sample Set 1 

µmol/mol 

Set 2 

µmol/mol 

Average 

µmol/mol 

Std. Dev CV (%) 

0 BEC 24 74 49 35 72% 

0 TMAC <14 <14 <14 NA NA 

0 *TEAC 37 <14 *37 NA NA 

0 CPC 930 1000 970 49 5.1% 

0 *DTMA 55 <14 *55 NA NA 

0 CTMA 84 210 150 89 61% 

0 BZK 660 57 360 430 120% 

50 BEC 46 63 55 12 22% 

50 TMAC <14 <14 <14 NA NA 

50 *TEAC 43 <14 *43 NA NA 

50 CPC 900 940 920 28 3.1% 

50 DTMA 20 58 39 27 69% 

50 *CTMA 56 <14 *56 NA NA 

50 BZK 70 34 52 25 49% 

500 BEC 38 89 64 36 57% 

500 TMAC <14 <14 <14 NA NA 

500 TEAC <14 <14 <14 NA NA 

500 CPC 200 64 130 96 73% 

500 *DTMA 42 <14 *42 NA NA 
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500 *CTMA 26 <14 *26 NA NA 

500 BZK 47 14 31 23 77% 

 

 

 

Micromolar yield of TCAN due to chlorination (5 mg/L Cl2) of 0.1 mM QAC with and without 
bromide. 
 

TCAN 

Br- 

Conc. 

(µg/L) 

Sample Set 1 

µmol/mol 

Set 2 

µmol/mol 

Average 

µmol/mol 

Std. Dev CV (%) 

0 BEC <23 <23 <23 NA NA 

0 TMAC <23 <23 <23 NA NA 

0 TEAC <23 <23 <23 NA NA 

0 CPC <23 <23 <23 NA NA 

0 DTMA <23 <23 <23 NA NA 

0 CTMA <23 <23 <23 NA NA 

0 BZK <23 <23 <23 NA NA 

50 BEC <23 <23 <23 NA NA 

50 TMAC <23 <23 <23 NA NA 

50 TEAC <23 <23 <23 NA NA 
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50 CPC <23 <23 <23 NA NA 

50 DTMA <23 <23 <23 NA NA 

50 CTMA <23 <23 <23 NA NA 

50 BZK <23 <23 <23 NA NA 

500 BEC <23 <23 <23 NA NA 

500 TMAC <23 <23 <23 NA NA 

500 TEAC <23 <23 <23 NA NA 

500 CPC <23 <23 <23 NA NA 

500 DTMA <23 <23 <23 NA NA 

500 CTMA <23 <23 <23 NA NA 

500 *BZK <23 25 *25 NA NA 

 

Micromolar yield of BDCAN due to chlorination (5 mg/L Cl2) of 0.1 mM QAC with and without 
bromide. 

BDCAN 

Br- 

Conc. 

(µg/L) 

Sample Set 1 

µmol/mol 

Set 2 

µmol/mol 

Average 

µmol/mol 

Std. Dev CV (%) 

0 BEC <7 <7 <7 NA NA 

0 TMAC <7 <7 <7 NA NA 

0 TEAC <7 <7 <7 NA NA 

0 CPC <7 <7 <7 NA NA 
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0 DTMA <7 <7 <7 NA NA 

0 CTMA <7 <7 <7 NA NA 

0 BZK <7 <7 <7 NA NA 

50 BEC <7 <7 <7 NA NA 

50 TMAC <7 <7 <7 NA NA 

50 TEAC <7 <7 <7 NA NA 

50 CPC <7 <7 <7 NA NA 

50 DTMA <7 <7 <7 NA NA 

50 CTMA <7 <7 <7 NA NA 

50 BZK <7 <7 <7 NA NA 

500 BEC <7 <7 <7 NA NA 

500 TMAC <7 <7 <7 NA NA 

500 TEAC <7 <7 <7 NA NA 

500 CPC <7 <7 <7 NA NA 

500 DTMA <7 <7 <7 NA NA 

500 CTMA <7 <7 <7 NA NA 

500 BZK <7 <7 <7 NA NA 

 

Micromolar yield of BCAN due to chlorination (5 mg/L Cl2) of 0.1 mM QAC with and without 
bromide. 

BCAN 
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Br- 

Conc. 

(µg/L) 

Sample Set 1 

µmol/mol 

Set 2 

µmol/mol 

Average 

µmol/mol 

Std. Dev CV (%) 

0 BEC <6.5 <6.5 <6.5 NA NA 

0 TMAC <6.5 <6.5 <6.5 NA NA 

0 TEAC <6.5 <6.5 <6.5 NA NA 

0 CPC <6.5 <6.5 <6.5 NA NA 

0 DTMA <6.5 <6.5 <6.5 NA NA 

0 CTMA <6.5 <6.5 <6.5 NA NA 

0 *BZK <6.5 8 *8 NA NA 

50 BEC <6.5 <6.5 <6.5 NA NA 

50 TMAC <6.5 <6.5 <6.5 NA NA 

50 TEAC <6.5 <6.5 <6.5 NA NA 

50 CPC 260 370 315 78 25% 

50 DTMA <6.5 <6.5 <6.5 NA NA 

50 CTMA <6.5 <6.5 <6.5 NA NA 

50 *BZK <6.5 8.6 *8.6 NA NA 

500 BEC <6.5 <6.5 <6.5 NA NA 

500 *TMAC <6.5 18 *18 NA NA 

500 TEAC <6.5 <6.5 <6.5 NA NA 

500 CPC 750 240 495 360 73% 

500 *DTMA 80 <6.5 *80 NA NA 
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500 CTMA 7.2 7.4 7.3 0.14 1.9% 

500 BZK 49 17 33 23 69% 

 

 

 

Micromolar yield of MBAN due to chlorination (5 mg/L Cl2) of 0.1 mM QAC with and without 
bromide. 

MBAN 

Br- 

Conc. 

(µg/L) 

Sample Set 1 

µmol/mol 

Set 2 

µmol/mol 

Average 

µmol/mol 

Std. Dev CV (%) 

0 BEC <19 <19 <19 NA NA 

0 TMAC <19 <19 <19 NA NA 

0 TEAC <19 <19 <19 NA NA 

0 CPC <19 <19 <19 NA NA 

0 DTMA <19 <19 <19 NA NA 

0 CTMA <19 <19 <19 NA NA 

0 BZK <19 <19 <19 NA NA 

50 BEC <19 <19 <19 NA NA 

50 TMAC <19 <19 <19 NA NA 

50 TEAC <19 <19 <19 NA NA 

50 CPC <19 <19 <19 NA NA 
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50 DTMA <19 <19 <19 NA NA 

50 CTMA <19 <19 <19 NA NA 

50 BZK <19 <19 <19 NA NA 

500 BEC <19 <19 <19 NA NA 

500 TMAC <19 <19 <19 NA NA 

500 TEAC <19 <19 <19 NA NA 

500 CPC <19 <19 <19 NA NA 

500 DTMA <19 <19 <19 NA NA 

500 CTMA <19 <19 <19 NA NA 

500 BZK <19 <19 <19 NA NA 

 

Micromolar yield of DBAN due to chlorination (5 mg/L Cl2) of 0.1 mM QAC with and without 
bromide. 

DBAN 

Br- 

Conc. 

(µg/L) 

Sample Set 1 

µmol/mol 

Set 2 

µmol/mol 

Average 

µmol/mol 

Std. Dev CV (%) 

0 BEC <6.7 <6.7 <6.7 NA NA 

0 TMAC <6.7 <6.7 <6.7 NA NA 

0 TEAC <6.7 <6.7 <6.7 NA NA 

0 CPC <6.7 <6.7 <6.7 NA NA 

0 DTMA <6.7 <6.7 <6.7 NA NA 
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0 CTMA <6.7 <6.7 <6.7 NA NA 

0 *BZK <6.7 9.6 *9.6 NA NA 

50 BEC <6.7 <6.7 <6.7 NA NA 

50 TMAC <6.7 <6.7 <6.7 NA NA 

50 TEAC <6.7 <6.7 <6.7 NA NA 

50 CPC 16 24 20 5.7 28% 

50 DTMA <6.7 <6.7 <6.7 NA NA 

50 CTMA <6.7 <6.7 <6.7 NA NA 

50 BZK <6.7 <6.7 <6.7 NA NA 

500 BEC <6.7 <6.7 <6.7 NA NA 

500 *TMAC <6.7 21 *21 NA NA 

500 TEAC <6.7 <6.7 <6.7 NA NA 

500 CPC 510 190 350 230 65% 

500 *DTMA 67 <6.7 *67 NA NA 

500 CTMA <6.7 <6.7 <6.7 NA NA 

500 BZK 36 16 26 14 54% 
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Micromolar yield of TCM due to chloramination (140 mg/L Cl2) of 0.1 mM QAC with and 
without bromide. 

TCM 

Br- 

Conc. 

(µg/L) 

Sample Set 1 

µmol/mol 

Set 2 

µmol/mol 

Average 

µmol/mol 

Std. Dev CV (%) 

0 BEC 3400 2800 3100 420 14% 

0 TMAC 40 31 35.5 6.4 18% 

0 TEAC 51 29 40 16 39% 

0 CPC 3200 3000 3100 140 5% 

0 DTMA 790 670 730 85 12% 

0 CTMA 1400 560 980 590 61% 

0 BZK 2000 3400 2700 990 37% 

50 BEC 3100 1700 2400 990 41% 

50 TMAC 27 48 37.5 15 40% 

50 *TEAC <25 38 *38 NA NA 

50 CPC 3600 3400 3500 140 4% 

50 DTMA 700 440 570 180 32% 

50 CTMA 1300 830 1065 330 31% 

50 BZK 1800 1100 1450 490 34% 

500 BEC 1500 1100 1300 280 22% 

500 *TMAC <25 46 *46 NA NA 

500 *TEAC <25 46 *46 NA NA 
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500 CPC 3800 4400 4100 420 10% 

500 DTMA 180 130 155 35 23% 

500 CTMA 470 400 435 49 11% 

500 BZK 760 730 745 21 3% 

 

 

 

Micromolar yield of DCBM due to chloramination (140 mg/L Cl2) of 0.1 mM QAC with and 
without bromide. 

DCBM 

Br- 

Conc. 

(µg/L) 

Sample Set 1 

µmol/mol 

Set 2 

µmol/mol 

Average 

µmol/mol 

Std. Dev CV (%) 

0 BEC <12 <12 <12 NA NA 

0 TMAC <12 <12 <12 NA NA 

0 TEAC <12 <12 <12 NA NA 

0 CPC <12 <12 <12 NA NA 

0 DTMA <12 <12 <12 NA NA 

0 *CTMA 85 <12 *85 NA NA 

0 BZK <12 <12 <12 NA NA 

50 BEC 400 220 310 130 41% 
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50 *TMAC <12 15 *15 NA NA 

50 TEAC <12 <12 <12 NA NA 

50 CPC 180 120 150 42 28% 

50 DTMA 340 250 295 64 22% 

50 CTMA 420 230 325 130 41% 

50 BZK 300 230 265 49 19% 

500 BEC 2300 1700 2000 420 21% 

500 TMAC 13 25 19 8.5 45% 

500 *TEAC <12 19 *19 NA NA 

500 CPC 1100 1100 1100 0 0% 

500 DTMA 840 650 745 130 18% 

500 CTMA 1000 870 935 92 10% 

500 BZK 1100 970 1035 92 9% 

 

Micromolar yield of DBCM due to chloramination (140 mg/L Cl2) of 0.1 mM QAC with and 
without bromide. 

DBCM 

Br- 

Conc. 

(µg/L) 

Sample Set 1 

µmol/mol 

Set 2 

µmol/mol 

Average 

µmol/mol 

Std. Dev CV (%) 

0 BEC <9.6 <9.6 <9.6 NA NA 

0 TMAC <9.6 <9.6 <9.6 NA NA 
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0 TEAC <9.6 <9.6 <9.6 NA NA 

0 CPC <9.6 <9.6 <9.6 NA NA 

0 DTMA <9.6 <9.6 <9.6 NA NA 

0 CTMA <9.6 <9.6 <9.6 NA NA 

0 BZK <9.6 <9.6 <9.6 NA NA 

50 *BEC 13 <9.6 *13 NA NA 

50 TMAC <9.6 <9.6 <9.6 NA NA 

50 TEAC <9.6 <9.6 <9.6 NA NA 

50 CPC <9.6 <9.6 <9.6 NA NA 

50 DTMA 54 37 45.5 12 26% 

50 CTMA 56 26 41 21 52% 

50 BZK 26 23 24.5 2.1 9% 

500 BEC 840 690 765 110 14% 

500 TMAC 16 18 17 1.4 8% 

500 TEAC 14 14 14 0 0% 

500 CPC 400 420 410 14 3% 

500 DTMA 870 750 810 85 10% 

500 CTMA 820 650 735 120 16% 

500 BZK 730 590 660 99 15% 
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Micromolar yield of TCM due to chloramination (140 mg/L Cl2) of 0.1 mM QAC with and 
without bromide. 

TBM 

Br- 

Conc. 

(µg/L) 

Sample Set 1 

µmol/mol 

Set 2 

µmol/mol 

Average 

µmol/mol 

Std. Dev CV (%) 

0 BEC <7.9 <7.9 <7.9 NA NA 

0 TMAC <7.9 <7.9 <7.9 NA NA 

0 TEAC <7.9 <7.9 <7.9 NA NA 

0 CPC <7.9 <7.9 <7.9 NA NA 

0 DTMA <7.9 <7.9 <7.9 NA NA 

0 CTMA <7.9 <7.9 <7.9 NA NA 

0 BZK <7.9 <7.9 <7.9 NA NA 

50 BEC <7.9 <7.9 <7.9 NA NA 

50 TMAC <7.9 <7.9 <7.9 NA NA 

50 TEAC <7.9 <7.9 <7.9 NA NA 

50 CPC <7.9 <7.9 <7.9 NA NA 

50 DTMA <7.9 <7.9 <7.9 NA NA 

50 CTMA <7.9 <7.9 <7.9 NA NA 

50 BZK <7.9 <7.9 <7.9 NA NA 

500 BEC 160 150 155 7.1 5% 

500 TMAC <7.9 <7.9 <7.9 NA NA 

500 *TEAC 9 <7.9 *9 NA NA 
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500 CPC 49 70 59.5 15 25% 

500 DTMA 160 150 155 7.1 5% 

500 CTMA 120 110 115 7.1 6% 

500 BZK 110 91 100.5 13 13% 

 

 

 

Micromolar yield of MCAN due to chloramination (140 mg/L Cl2) of 0.1 mM QAC with and 
without bromide. 

MCAN 

Br- 

Conc. 

(µg/L) 

Sample Set 1 

µmol/mol 

Set 2 

µmol/mol 

Average 

µmol/mol 

Std. Dev CV (%) 

0 *BEC 38 <6.2 *38 NA NA 

0 *TMAC 7.8 <6.2 *7.8 NA NA 

0 TEAC <6.2 <6.2 <6.2 NA NA 

0 *CPC 59 <6.2 *59 NA NA 

0 *DTMA 6.9 <6.2 *6.9 NA NA 

0 *CTMA 12 <6.2 *12 NA NA 

0 BZK 26 11 18.5 11 57% 

50 BEC 33 28 30.5 3.5 12% 
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50 *TMAC 9.1 <6.2 *9.1 NA NA 

50 *TEAC 6.5 <6.2 *6.5 NA NA 

50 CPC 61 46. 53.5 11 20% 

50 *DTMA 8.2 <6.2 *8.2 NA NA 

50 *CTMA 10 <6.2 *10 NA NA 

50 *BZK 27 <6.2 *27 NA NA 

500 BEC 41 6.2 23.6 25 104% 

500 *TMAC 6.5 <6.2 65 NA NA 

500 TEAC <6.2 <6.2 <6.2 NA NA 

500 CPC 36 110 73 52 72% 

500 *DTMA 9.1 <6.2 *9.1 NA NA 

500 *CTMA 17 <6.2 *17 NA NA 

500 BZK 39 30 34.5 6.4 18.% 

 

Micromolar yield of DCAN due to chloramination (140 mg/L Cl2) of 0.1 mM QAC with and 
without bromide. 

DCAN 

Br- 

Conc. 

(µg/L) 

Sample Set 1 

µmol/mol 

Set 2 

µmol/mol 

Average 

µmol/mol 

Std. Dev CV (%) 

0 BEC 690 1300 995 430 43% 

0 *TMAC 29 <14 *29 NA NA 
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0 *TEAC 19 <14 *19 NA NA 

0 CPC 4300 640 2470 2600 105% 

0 DTMA 63 43 53 14 27% 

0 CTMA 48 34 41 9.9 24% 

0 BZK 620 100 360 370 102% 

50 BEC 620 560 590 42 7.2% 

50 *TMAC <14 28 *28 NA NA 

50 *TEAC <14 23 *23 NA NA 

50 CPC 4700 3900 4300 570 13% 

50 DTMA 44 51 47.5 4.9 10% 

50 CTMA 53 62 57.5 6.4 11% 

50 BZK 650 520 585 92 16% 

500 BEC 470 490 480 14 3.0% 

500 *TMAC <14 <14 <14 NA NA 

500 *TEAC <14 <14 <14 NA NA 

500 CPC 2000 3400 2700 990 37% 

500 DTMA 22 17 19.5 3.5 18% 

500 CTMA 32 38 35 4.2 12.12% 

500 BZK 500 790 645 210 31.79% 
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Micromolar yield of TCAN due to chloramination (140 mg/L Cl2) of 0.1 mM QAC with and 
without bromide. 

TCAN 

Br- 

Conc. 

(µg/L) 

Sample Set 1 

µmol/mol 

Set 2 

µmol/mol 

Average 

µmol/mol 

Std. Dev CV (%) 

0 BEC <23 <23 <23 NA NA 

0 TMAC <23 <23 <23 NA NA 

0 TEAC <23 <23 <23 NA NA 

0 *CPC 43 <23 *43 NA NA 

0 DTMA <23 <23 <23 NA NA 

0 CTMA <23 <23 <23 NA NA 

0 BZK <23 <23 <23 NA NA 

50 BEC <23 <23 <23 NA NA 

50 TMAC <23 <23 <23 NA NA 

50 TEAC <23 <23 <23 NA NA 

50 CPC 80 83 82 2.1 2.6% 

50 DTMA <23 <23 <23 NA NA 

50 CTMA <23 <23 <23 NA NA 

50 BZK <23 <23 <23 NA NA 

500 BEC <23 <23 <23 NA NA 

500 TMAC <23 <23 <23 NA NA 

500 TEAC <23 <23 <23 NA NA 
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500 CPC 34 83 59 35 59% 

500 DTMA <23 <23 <23 NA NA 

500 CTMA <23 <23 <23 NA NA 

500 BZK <23 <23 <23 NA NA 

 

Micromolar yield of BDCAN due to chloramination (140 mg/L Cl2) of 0.1 mM QAC with and 
without bromide. 

BDCAN 

Br- 

Conc. 

(µg/L) 

Sample Set 1 

µmol/mol 

Set 2 

µmol/mol 

Average 

µmol/mol 

Std. Dev CV (%) 

0 BEC <7 <7 <7 NA NA 

0 TMAC <7 <7 <7 NA NA 

0 TEAC <7 <7 <7 NA NA 

0 CPC <7 <7 <7 NA NA 

0 DTMA <7 <7 <7 NA NA 

0 CTMA <7 <7 <7 NA NA 

0 BZK <7 <7 <7 NA NA 

50 BEC <7 <7 <7 NA NA 

50 TMAC <7 <7 <7 NA NA 

50 TEAC <7 <7 <7 NA NA 

50 CPC <7 <7 <7 NA NA 
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50 DTMA <7 <7 <7 NA NA 

50 CTMA <7 <7 <7 NA NA 

50 BZK <7 <7 <7 NA NA 

500 BEC <7 <7 <7 NA NA 

500 TMAC <7 <7 <7 NA NA 

500 TEAC <7 <7 <7 NA NA 

500 CPC <7 <7 <7 NA NA 

500 DTMA <7 <7 <7 NA NA 

500 CTMA <7 <7 <7 NA NA 

500 BZK <7 <7 <7 NA NA 

 

Micromolar yield of BCAN due to chloramination (140 mg/L Cl2) of 0.1 mM QAC with and 
without bromide. 

BCAN 

Br- 

Conc. 

(µg/L) 

Sample Set 1 

µmol/mol 

Set 2 

µmol/mol 

Average 

µmol/mol 

Std. Dev CV (%) 

0 BEC <6.5 <6.5 <6.5 NA NA 

0 TMAC <6.5 <6.5 <6.5 NA NA 

0 TEAC <6.5 <6.5 <6.5 NA NA 

0 CPC <6.5 <6.5 <6.5 NA NA 

0 DTMA <6.5 <6.5 <6.5 NA NA 
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0 CTMA <6.5 <6.5 <6.5 NA NA 

0 BZK <6.5 <6.5 <6.5 NA NA 

50 BEC 20 22 21 1.4 6.7% 

50 *TMAC <6.5 7.3 *7.3 NA NA 

50 TEAC <6.5 <6.5 <6.5 NA NA 

50 CPC 17 20 18.5 2.1 11% 

50 *DTMA <6.5 9.2 *9.2 NA NA 

50 CTMA 7.0 8.0 7.5 0.71 9.4% 

50 BZK 51 50 51 0.71 1.4% 

500 BEC 200 230 215 21 9.9% 

500 *TMAC <6.5 7.3 *7.3 NA NA 

500 *TEAC <6.5 8.6 *8.6 NA NA 

500 CPC 210 190 200 14 7.1% 

500 DTMA 21 28 24.5 4.9 20% 

500 CTMA 28 46 37 13 34.% 

500 BZK 250 640 445 280 62% 

 

Micromolar yield of MBAN due to chloramination (140 mg/L Cl2) of 0.1 mM QAC with and 
without bromide. 

MBAN 
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Br- 

Conc. 

(µg/L) 

Sample Set 1 

µmol/mol 

Set 2 

µmol/mol 

Average 

µmol/mol 

Std. Dev CV (%) 

0 BEC <19 <19 <19 NA NA 

0 TMAC <19 <19 <19 NA NA 

0 TEAC <19 <19 <19 NA NA 

0 CPC <19 <19 <19 NA NA 

0 DTMA <19 <19 <19 NA NA 

0 CTMA <19 <19 <19 NA NA 

0 BZK <19 <19 <19 NA NA 

50 BEC <19 <19 <19 NA NA 

50 TMAC <19 <19 <19 NA NA 

50 TEAC <19 <19 <19 NA NA 

50 CPC <19 <19 <19 NA NA 

50 DTMA <19 <19 <19 NA NA 

50 CTMA <19 <19 <19 NA NA 

50 BZK <19 <19 <19 NA NA 

500 BEC <19 <19 <19 NA NA 

500 TMAC <19 <19 <19 NA NA 

500 TEAC <19 <19 <19 NA NA 

500 CPC <19 <19 <19 NA NA 

500 DTMA <19 <19 <19 NA NA 
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500 CTMA <19 <19 <19 NA NA 

500 BZK <19 <19 <19 NA NA 

 

Micromolar yield of DBAN due to chloramination (140 mg/L Cl2) of 0.1 mM QAC with and 
without bromide. 

DBAN 

Br- 

Conc. 

(µg/L) 

Sample Set 1 

µmol/mol 

Set 2 

µmol/mol 

Average 

µmol/mol 

Std. Dev CV (%) 

0 BEC <6.7 <6.7 <6.7 NA NA 

0 TMAC <6.7 <6.7 <6.7 NA NA 

0 TEAC <6.7 <6.7 <6.7 NA NA 

0 CPC <6.7 <6.7 <6.7 NA NA 

0 DTMA <6.7 <6.7 <6.7 NA NA 

0 CTMA <6.7 <6.7 <6.7 NA NA 

0 BZK <6.7 <6.7 <6.7 NA NA 

50 BEC <6.7 <6.7 <6.7 NA NA 

50 TMAC <6.7 <6.7 <6.7 NA NA 

50 TEAC <6.7 <6.7 <6.7 NA NA 

50 CPC <6.7 <6.7 <6.7 NA NA 

50 DTMA <6.7 <6.7 <6.7 NA NA 

50 CTMA <6.7 <6.7 <6.7 NA NA 
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50 BZK <6.7 <6.7 <6.7 NA NA 

500 BEC 11 22 17 7.8 47% 

500 TMAC <6.7 <6.7 <6.7 NA NA 

500 *TEAC <6.7 7.3 NA NA NA 

500 CPC 16 18 17 1.4 8.3% 

500 DTMA 10 14 12 2.8 24% 

500 CTMA 11 21 16 7.1 44% 

500 BZK 58 220 139 110 82% 

 

Micromolar yield of NDMA due to chlorination (5 mg/L Cl2) of 0.1 mM QAC with and without 
bromide. 

NDMA  

Br- 

Conc. 

(µg/L) 

Sample Set 1 

µmol/mol 

Set 2 

µmol/mol 

Average 

µmol/mol 

Std. Dev CV (%) 

0 BEC <160 <160 <160 NA NA 

0 TMAC <160 <160 <160 NA NA 

0 TEAC <160 <160 <160 NA NA 

0 CPC <160 <160 <160 NA NA 

0 DTMA <160 <160 <160 NA NA 

0 CTMA <160 <160 <160 NA NA 

0 BZK <160 <160 <160 NA NA 
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50 BEC <160 <160 <160 NA NA 

50 TMAC <160 <160 <160 NA NA 

50 TEAC <160 <160 <160 NA NA 

50 CPC <160 <160 <160 NA NA 

50 DTMA <160 <160 <160 NA NA 

50 CTMA <160 <160 <160 NA NA 

50 BZK <160 <160 <160 NA NA 

500 BEC <160 <160 <160 NA NA 

500 TMAC <160 <160 <160 NA NA 

500 TEAC <160 <160 <160 NA NA 

500 CPC <160 <160 <160 NA NA 

500 DTMA <160 <160 <160 NA NA 

500 CTMA <160 <160 <160 NA NA 

500 BZK <160 <160 <160 NA NA 

 

Micromolar yield of NDMA due to chloramination (140 mg/L Cl2) of 0.1 mM QAC with and 
without bromide. 

NDMA  

Br- 

Conc. 

(µg/L) 

Sample Set 1 

µmol/mol 

Set 2 

µmol/mol 

Average 

µmol/mol 

Std. Dev CV (%) 

0 BEC 890 550 720 240 33% 
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0 TMAC <160 <160 <160 NA NA 

0 TEAC <160 <160 <160 NA NA 

0 CPC <160 <160 <160 NA NA 

0 DTMA <160 <160 <160 NA NA 

0 CTMA <160 <160 <160 NA NA 

0 *BZK 410 <160 *410 NA NA 

50 BEC 800 650 725 110 15% 

50 TMAC <160 <160 <160 NA NA 

50 TEAC <160 <160 <160 NA NA 

50 CPC <160 <160 <160 NA NA 

50 DTMA <160 <160 <160 NA NA 

50 CTMA <160 <160 <160 NA NA 

50 BZK 370 330 350 28 8% 

500 BEC 730 770 750 28 4% 

500 TMAC <160 <160 <160 NA NA 

500 TEAC <160 <160 <160 NA NA 

500 CPC <160 <160 <160 NA NA 

500 DTMA <160 <160 <160 NA NA 

500 CTMA <160 <160 <160 NA NA 

500 BZK 230 190 210 28 13% 
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