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Abstract 

The work of this thesis quantifies and characterizes unregulated priority 

disinfection by-products (DBPs) in a full-scale potable wastewater reuse treatment plant. 

DBPs are small organic molecules formed from the reaction between natural organic 

matter (NOM) and disinfectants. Unregulated DBPs display genotoxic, cytotoxic and 

potentially carcinogenic properties to humans. Wastewater reuse is an area of growing 

interest as freshwater sources are being depleted due to increasing human population 

and climate change. Secondary effluent treated with microfiltration (UF), ozone, and 

reverse osmosis waters were disinfected to observe the change in DBP composition 

throughout various stages of the treatment train process. 

First, a novel multiple reaction monitoring (MRM) method was developed on a gas 

chromatography – triple quadrupole mass spectrometer (GC-MS/MS) that quantifies 25 

DBPs formed from chlorinated and chloraminated wastewater effluents. The order of 

optimization of each DBP class involved the determination of chemical transitions, 

collision energies, dwell times, time segments and determination of method detection 

limits. The optimization of these parameters led to a highly sensitive quantification method 

for the DBPs found in this method. Method detection limits ranged from 2.0 - 68.9 ng/L. 

Next, a liquid – liquid extraction (LLE) method for sample analysis was modified to 

account for the large increase in sensitivity that comes with a triple quadrupole. MS/MS 

instruments are highly advantageous because of the selection of specific chemical 

transitions for quantification. This specificity results in precise quantification due to the 

large signal to noise ratio of each chemical fragment at trace levels. The LLE method was 
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reduced 10 fold in terms of time, reagents, and sample volume compared to published 

methods.  

The last part of this work looked at the DBP composition of each water matrix 

across three seasons of the year. Specifically, waters were sampled in fall, winter, and 

summer to observe how the change in precursors affected DBP formation. 

. 
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Preface 

 Portions of Chapter 2 and Chapter 3 are part of: Ortega-Hernandez, A.; Acayaba, 

R.; Verwold, C; Montagner, C.; Kimura S. Y. Emerging Disinfection By-product 

Quantification Method for Wastewater Reuse: Trace Level Assessment using Tandem 

Mass Spectrometry, submitted to the journal of Environmental Science: Water Research 

& Technology. 
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Chapter 1: Introduction 

1.1 Water Treatment and Disinfection By-products (DBPs) 

 DBPs result when disinfectants are added to water in order to treat it for potable 

consumption. Typically, these chemicals are small organic and inorganic compounds 

formed as the result of disinfectants reacting with natural organic matter (NOM) and 

inorganic salts present in surface (rivers and lakes) and groundwater. Conventional water 

treatment involves multiple steps including pre-screening, flocculation, sedimentation, 

filtration, disinfection and distribution to remove particles and harmful pathogenic 

microorganisms. Below is a brief description of how drinking water is treated in Calgary, 

Alberta.  

 The City of Calgary follows a treatment process similar to the general schematic 

of Figure 1-1. Initially, river water (influent) is passed through a debris screen to prevent 

the uptake of any aquatic organisms or larger debris. A coagulant is added in the 

flocculation tank to help create flocs of dissolved matter that are separated from the 

aqueous phase. Clarified water passes to a tank where the initial chlorination takes place. 

This step is where a disinfectant (i.e., chlorine) can react with dissolved NOM to form 

DBPs while effectively destroying microorganisms that are harmful to the human body. 1, 

2  Following the initial chlorination step, the water then flows through sand filtration beds 

to remove any remaining particles. The final step involves one final chlorination that is 

dosed to prevent any further outbreaks during the distribution of the finished waters.  
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Figure 1-1: General schematic of a drinking water treatment train 

 Treating wastewater involves a different water treatment process. The differences 

between the treatments is due to the different contaminants present in the matrix. 

Specifically, this work aims to evaluate the efficiency of DBP precursor removal at each 

treatment step. This information is valuable for potable reuse plants and drinking water 

treatment plants that experience wastewater impacted source waters.  

 

Figure 1-2: General schematic of a Wastewater Treatment Plant 

 Figure 1-2 is a schematic that illustrates how wastewater is treated in order to be 

reintroduced into the environment in a safe manner. Initially, wastewater intake is taken 

from a collection system where it is passed through a series of screens to remove debris 
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that may damage the treatment train. Once filtered, water is passed onto the primary 

clarifier where the wastewater is held for about three hours in order for the solids to settle 

at the bottom, and lipids and oils rise to the top. Solids are then removed and further 

processed in the solid – stream treatment train process.  2, 3 Once lipids are skimmed off, 

the effluent is passed to an aerated tank, where microbial digestion occurs to further 

breakdown organic matter and nutrients present in the effluent. The wastewater is then 

passed into the secondary clarifier where remaining solids settle to the bottom. A portion 

of the bioactive sludge is returned to the aeration tank and the rest is subjected to the 

solid stream treatment process. The final step typically involves microbial inactivation. UV 

disinfection is a disinfection method in which microbes are passed through a UV lamp 

that damages the microbial DNA structure, thereby prevent microbial reproduction. 2, 3 
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1.2 DBP Toxicity 

 Upon the discovery of DBPs in 1974, more than 600 DBPs have been identified in 

disinfected waters. 4 Of these 600 DBPs, only about 100 have undergone a systematic 

cyto- and genotoxicity analysis. 5 DBPs may damage the cell’s metabolic activity 

(cytotoxicity) and/or damage the cell’s DNA sequencing (genotoxicity), leading to cell 

death or DNA strand breaks. Currently, Canada only monitors 12 DBPs including 

trihalomethanes (THMs) and haloaceticacids (HAAs). However, THMs and HAAs have 

shown to possess some of the lowest cytotoxic response in Chinese hamster ovary 

(CHO) cell lines compared to other unregulated DBPs. 6, 7 Typically, toxicity increases 

based on the substituted halogen following the general trend of I (most toxic) >> Br >Cl  

(least toxic). 

 Although regulated DBPs are documented to induce CHO cell death, unregulated 

nitrogen-containing DBPs (N-DBPs) have shown to be the main cytotoxic and genotoxic 

drivers within DBPs. Unregulated N-DBPs such as haloacetonitriles, haloacetamides, and 

halonitromethanes have gained increasing attention as they tend to show an increased 

risk in cytotoxic and genotoxic damage in CHO cells. N-DBPs may form at higher 

concentrations when oxidants react with effluent organic matter (EfOM) and dissolved 

organic nitrogen (DON) in wastewater matrices. 8-11 However, most studies have all 

focused on only one chemical class or a small subset of N-DBPs. In this work we aim to 

disinfect and characterize five classes of high priority DBPs, mostly nitrogen containing, 

with one simultaneous analytical method.  

 Figure 1-3A below shows the concentration at which 50% of cell death occurs of 

the CHO cell line for THMs, also known as LC50 values.12 Wagner and Plewa compared 
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the LC50 values of unregulated DBPs and found that HANs were 2-3 orders of magnitude 

less compared to THMs (Figure 1-3B). Figure 1-3B only shows HANs, however several 

unregulated classes were studied. Therefore, it is important to evaluate unregulated 

DBPs as they have been shown to be more toxic than regulated DBPs.  
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Figure 1-3: Cytotoxic LC50 Values on Chinese Hamster Ovary (CHO) Cell Line of 

regulated DBPs (A), and unregulated HANs (B). 12 

1.3 Chemical Disinfection   

There are four major chemical disinfectants and UV light that are used in water 

treatment worldwide. In Canada, free chlorine (HOCl), and combined chlorine (NH2Cl) are 

the most commonly used in water treatment facilities. 13 Two other disinfectants that may 

also be used are ozone (O3) and chlorine dioxide (ClO2). Each disinfectant may react with 

organic matter to produce different by-products as shown in Table 1-1. The following 

section briefly describes the differences between the aforementioned chemical 

disinfectants.  

 Chlorination is the most widely used disinfectant worldwide.14 HOCl was the 

disinfectant associated with the first identified DBPs in the early 1970s. 2 Health Canada 

implemented guidelines for a maximum contaminant level (MCL) for the THM and HAA 

clasess.15 Monitored THMs and HAAs include chloroform (CHCl3), 

bromodichloromethane (CHBrCl2), dibromochloromethane (CHBr2Cl), bromoform 

(CHBr3), monochloroacetic acid (MCA), dichloroacetic acid (DCA), trichloroacetic acid 

(TCA), monobromoacetic acid (MBA), and dibromoacetic acid (DBA). 2  Health Canada 

imposed an total concentration for THMs and HAAs of 0.10, 0.08 mg/L, respectively. 15, 

16  Although THMs and HAAs were the first identified DBP classes, resulting in their 

monitoring, there are many other DBPs that may form during chlorination as shown in 

Table 1-1. DBP speciation is dependent on composition of source waters and water 

treatment processes.2 For some water treatment facilities, DBP regulations were difficult 

to comply while also providing an adequate residual concentration in the distribution 
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system. Therefore, a strategy that was used involved switching to combined chlorine 

which produces less THMs and HAAs. 2 

Table 1-1: DBPs formed from common chemical disinfection methods17 

Disinfectant  
Organohalogen 
(DBPs) 

Inorganic 
DBPs 

Non-halogenated 
DBPs 

Chlorine (Cl2/HOCl) 

Trihalomethanes  

Chlorate  

Aldehydes  

Haloacetic Acids  Alkanic acids 

Haloacetonitriles  Benzene 

Halonitromethanes  Carboxylic Acids  

Iodo-Trihalomethanes  

Haloketones    

Chloramines (NH2Cl or NHCl2) 

Cyanogen Halides  Nitrite  Aldehydes  

Haloacetamides Nitrate  Ketones  

Haloacetonitriles  Chlorate  Nitrosodimethylamine 

Halonitromethanes  Hydrazine  

Organic chloramines     

Ozone (O3) Bromoform  

Chlorate  Aldehydes  

Iodate  Ketones  

Bromate Ketoacids  

  Carboxylic Acids  

Chlorine Dioxide (ClO2) - 
Chlorite  

- 
Chlorate  

 Combined chlorine or chloramination is formed by combining HOCl and ammonia 

to produce chloramines as shown in Equations 1-1 to 1-4. It is important to understand 

how chloramines can form when HOCl is added to water in the presence of ammonia.  

NH3(aq) + HOCl(aq) → NH2Cl(aq) + H2O(aq) 

Equation 1-118 

NH2Cl(aq) + HOCl(aq) → NHCl2(aq) + H2O(aq) 

Equation 1-23 

NHCl2 (aq) + HOCl(aq) → NCl3(aq) + H2O(aq) 

Equation 1-33 

2NH2Cl(aq) + HOCl(aq) → N2(g) + H2O(aq) + 3H+
(aq) + 3Cl-(aq) 
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Equation 1-43 

 

Figure 1-4: Breakpoint chlorination curve. A) Denotes the region where no residual is 

detected due to oxidation of reduced inorganic compounds. B) Only NH2Cl forms until a 

molar ratio of 1:1 is reached. C) This area is denoted by the formation of NH2Cl and 

NHCl2. D) This area represents the residual once all nitrogenous and inorganic species 

have been oxidized, resulting in a free chlorine residual.  

 In a water matrix that has zero chlorine demand, the relationship between chlorine 

dose and chlorine residual is linear as denoted by the straight line in Figure 1-4. However, 

when ammonia is present in a water matrix, the relationship between chlorine residual 

and chlorine dose is no longer linear. 3 When ammonia and inorganic compounds are 
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present, the relationship changes. In Figure 1-4, the area denoted by “A” represents the 

lack of chlorine residual present due to oxidation of reduced inorganic species such as 

Mn(II), Fe(II), and NO2
-. 3 Once all inorganics are oxidized, monochloramine will form up 

to a ratio of about 1:1 NH3:Cl2, as denoted by the dashed line and “B” in Figure 1-4 and 

Equation 1-1 (assuming only ammonia is present). 3 However, with increasing amount of 

chlorine, monochloramine will react with HOCl to produce dichloramine and trichloramine 

until the residual concentration approaches 0 mg/L or “breakpoint” as denoted by the red 

arrow in Figure 1-4 and Eq 1-4. 3 Breakpoint chlorination is typically achieved at a NH3:Cl2 

ratio of 1.5:1. Once breakpoint chlorination is achieved, all dissolved ammonia is oxidized 

to nitrate and nitrogen gas as denoted by Equation 1-4. After breakpoint, a linear 

relationship between chlorine dose and chlorine residual is established as seen in Figure 

1-4D.  

 Chloramines are less reactive and thereby more stable as residual disinfectants, 

however, they are known to produce N-DBPs. Unregulated N-DBPs are of concern 

because they have shown to be more toxic in Chinese hamster ovary (CHO) cells 

compared to regulated DBPs. 8, 19 For example, n-nitrosodimethylamine (NDMA) was 

identified as a chloramine DBP and is a powerful carcinogen with a 10-6 cancer risk level 

at a concentration of 7 ng/L. 2, 14, 20  

 Ozone is another disinfectant more commonly used in Europe. 2 While ozone is an 

alternative disinfectant that produces lower levels of THMs and HAAs, high operating and  

capital costs makes it less feasible than chlorination. 17 Ozone reacts with organic matter 

to produce non-halogenated aldehydes, ketones, and carboxylic acids. 2, 17, 18 . Ozone 

oxidizes Br- to form HOBr, as an intermediate species as shown in equation 1-5. HOBr 
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can further react with organic matter to produce brominated DBPs. 2, 18  Ozone can further 

oxidize dissolved halides (I-, Cl-, and Br-) to iodate, chlorate and bromate.2 Bromate (BrO3
-

) is classified as a “probable human carcinogen” by the U.S. Environmental Protection 

Agency (EPA) with a 10-6 cancer risk level at 50 ng/L. The maximum contaminant level in 

Canada for bromate is 10 µg/L 

 

O3(aq) + Br-
(aq) + H+

(aq) → HOBr(aq) + O2(aq) 

 

Equation 1-518 

 Chlorine dioxide is used as a pre-disinfectant during the water treatment process. 

ClO2 is more reactive than HOCl and is often produced on-site due to the dangers in 

transporting this chemical. 18 Unlike HOCl and NH2Cl, ClO2 does not react in substitution 

reactions with NOM and will not form significant organic DBPs. 2, 17, 18 However, ClO2 

degrades to chlorite (ClO2
-) via a one electron transfer in the presence of an electron 

donor. 18 Chlorite has shown to possess cancerous properties. Yokose et al, observed 

that mice exposed to high doses of sodium chlorite developed lung adenomas, a benign 

lung tumor. 21 Chlorite has a MCL value of 1.0 mg/L in drinking water.  

1.4 Gas Chromatography – Triple Quadrupole Mass Spectrometry 

Chromatography is an analytical technique that separates chemical compounds 

(or analytes) within a matrix containing a chemical mixture.  Figure 1-5 represents a 

general schematic on how gas chromatography (GC) works. Initially, the sample mix is 

injected into an inlet with a stream of ultra pure helium gas that carries the mix into the  

separation column. In the inlet, temperature ramps can be applied in order to help 



11 

 

volatilize the DBP mix in parts. This carrier gas is known as the mobile phase. 22 As the 

analyte mix is carried through the separation column, the analytes separate from the 

intermolecular interactions between the analyte and the coated capillary tubing, or 

stationary phase. The stationary phase is typically a polar or non-polar polymer. The 

retention of analytes on the column is dependent on their relative affinity to the stationary 

phase as well as the temperature settings of the oven. By adding a temperature gradient, 

the relative speed of the separation can increase as the analytes with less affinity to the 

column can move to the detector as shown in Figure 1-5. 22 

 

Figure 1-5: General schematic of gas chromatography system  

Figure 1-6 shows what occurs in a capillary column. Contrary to liquid 

chromatography, the mobile phase of GC does not contribute to the speciation of 

analytes. 23, 24 In GC, selectivity and -retention of the analyte mixture is heavily influenced 

on the stationary phase. In this work, a polar capillary column was used (Restek RTX-

200) as it offered acceptable separation for the 25 DBPs of all compounds with varying 
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polarity. The RTX-200 column is a triflouropropylmethyl polysiloxane stationary phase 

with mid polarity. In a previous method, a GC – time of flight (TOF) – mass spectrometer 

(MS) demonstrated narrow symmetrical peaks for the iodo – trihalomethanes (I-THMs). 

25 This proves advantageous as the method in this work aims to characterize high priority 

DBPs of varying polarity where baseline resolved peaks prove beneficial.  

Figure 1-6: General schematic of capillary tube 

After separation, analytes are transferred to a mass spectrometer for ionization 

and detection. Mass spectrometry (MS), or tandem mass spectrometry (MS/MS) is used 

for the structural characterization of compounds including organic, organometallic and 

biochemical compounds. There are multiple MS configurations, however, in this work we 

focused on tandem mass spectrometry.  

MS/MS systems couple multiple mass analyzers in tandem that allow for a more 

sensitive and unambiguous form of detection compared to a MS system. The MS/MS 

system selects a precursor ion which is then collided with a neutral gas to produce 

fragments that are specific to the structure of the analyte. These fragments are used for 

quantitation and confirmation of the detected compound in a real sample. 26, 27 
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Figure 1-7: General schematic of a MS/MS system 

 A schematic of a MS/MS system is shown in Figure 1-7. First, separated analytes 

exiting the GC capillary column are bombarded with electrons to produce a charged 

fragment, a process known as electron ionization (EI). Typically, this ionization technique 

is considered “hard” because EI can destroy the molecular ion to produce several mass 

to charge (m/z) fragments. A molecular ion is known as the ion that is formed from the 

loss of one electron but is otherwise structurally intact. 26-28 Fragments produced by EI 

can be further speciated in the subsequent quadrupoles. The first quadrupole (Q1) selects 

the precursor ion by setting a specific radio frequency (RF) and direct current (DC) which 

allows only the precursor ion to pass into the collision cell (denoted by the purple arrow 

in the figure). 27, 29, 30 In the collision cell, the precursor ion is collided with gaseous 

nitrogen and a specific collision energy (CE) to produce fragments known as “product 

ions”.  27, 29, 30 The third quadrupole (Q3) can then scan or select specific product ions.  

There are several advantages with a MS/MS system. The specificity that arises 

from two fragmentations results in a low noise to charge ratio that increases the sensitivity 

of the instrument. The compounds quantified in this study are small molecules that have 

similar structure. Therefore, this analytical method helps reduce interferences that can 

arise from analyzing compounds that share many structural and fragmentation patterns.   
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1.5 Analytical Methods for Disinfection By-product Analysis 

 Although there are several analytical methods for individual classes of DBPs, there 

are few studies that evaluate multiple classes of DBPs with GC-MS/MS. Table 1-4 

contains DBP methods that analyze DBPs with GC-MS/MS for different water matrices.  

Table 1-2: Published DBP Quantification Methods with GC – MS/MS 

 

Kinani et. al focused on the quantification of eleven HAAs present in untreated river 

water samples. 31 Of these eleven HAAs, five of them were the regulated HAAs31. Overall, 

the aim of this work was to develop a fast and sensitive method on a GC – MS/MS in 

multiple reaction monitoring (MRM) mode, coupled with solid phase extraction (SPE), and 

chemical derivatization. They analyzed the performance of six SPE cartridges and 

compared percent recoveries of all eleven HAAs. After optimizing the extraction and 

choosing the Bakerbond SDB SPE cartridge, Kinani et. al. report percent recoveries 

between 42 – 100%, with an RSD between 7-13%. Samples also had to undergo 

derivatization in order to become amenable to GC – MS/MS analysis prior to extraction. 

Specifically, all HAAs underwent esterification for 2 hours at 50°C. This step adds a 

significant amount of time to sample prep, although Kinani et. al. argued that the SPE 

DBP Classes 
LODs 
µg/L 

Water Matrix 
Extraction 

Method 
Reference 

7 HANs, 3 HNMs, 
3 HALDs, 6 HKTs, 

6 I-THMs 

0.002 - 
0.069 

Secondary Effluent, 
UF/Effluent, UF/O3, 

UF/RO 
LLE This study 

11 HAAs 
0.01 - 
0.50 

River Water 
Derivatiza
tion -SPE 

Kinani et. al. 
31 

6 HAAs,  4 IAAs 
0.025 - 

0.10 
Drinking Water 

Derivatiza
tion-LLE 

Cuthbertson    
et. al. 32 

6 HANs, 4 THMs, 2 
HKTs, 1 HNM 

0.003 - 
0.014 

Surface Water, Ground 
Water, Secondary Effluent 

LLE 
Liu, Y et. al. 

33 

4THMs, 4 I-THMs, 
6 HKTs, 1 HALD, 7 

HANs, 4 HNMs 

0.003 - 
3.0 

Tap Water, River Water SPE 
Roumiguières        

et. al.34 
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procedure supposedly saves time when compared to a traditional liquid-liquid extraction 

(LLE) procedure. Lastly, the developed method reports limits of detections (LODs) 

ranging between 0.01 – 0.50 µg/L.  

One of the disadvantages to this work is based on the limited analysis of DBPs. 

Kinani et al’s work only focuses on one DBP class of which almost half of the analytes 

are regulated and have established methods of analysis. While this method might have 

lower detection limits than established methods, it does not prove beneficial for 

unregulated DBP analysis. Moreover, this method is only validated for river water, 

therefore validation studies would be needed in order to employ for wastewater effluents.  

Cuthbertson et al. analyzed finished drinking water samples for a total of 61 DBPs 

using 3 analytical methods. However, only ten DBPs including 6 HAAs and 4 Iodo – Acetic 

Acids (IAAs) were analyzed with GC-MS/MS. DBP extraction employed LLE. The water 

samples were extracted with a 100 mL aliquot, 5 mL of MTBE, and 30 g of sodium sulfate 

(Na2SO4). Once all the reagents were combined the sample was shaken for a total of 3 x 

15 mins, rested for 3 x 10 min, and used 5 mL x 3 of MTBE. Once concentrated, the 

samples were then derivatized using diazomethane to make the DBPs amenable to GC 

– MS/MS analysis. Percent recoveries in ultra – pure water (18MΩ) ranged from 27 – 

33% for IAAs and 17 – 51% for HAAs. Limits of quantification ranged between 0.025 – 

0.050 µg/L for IAAs and 0.100 µg/L for all HAAs. 32  

Cuthbertson et al’s work has similar limitations, where only two classes of DBPs 

are studied with GC-MS/MS and required two additional analytical methods to evaluate 

multiple DBP classes. Also, the extraction method requires 10x the amount of sample 

volume (100 mL) than the work presented in this thesis (10 mL). The need for greater 
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amounts of sample results in longer extraction times which can prove tedious if many 

samples need to be ran simultaneously.  

Liu et al. developed a method for a more comprehensive suite of DBPs for GC – 

MS/MS analysis including 6 haloacetonitriles (HANs), 4 THMs, 2 haloketones (HKTs), 

and 1 halonitromethane (HNM). Water samples included surface, ground, and 

wastewater at different locations in China. 30 mL of sample were extracted with 1.5 mL 

of MTBE and 12 g of Na2SO4 in a 40 mL amber vial. Percent recoveries reported for 

surface water, ground water and secondary effluent were 74.7 – 115.4 %, 86.1 – 120.6%, 

and 81.6 – 126.1%, respectively. The LODs reported for this method were between 0.003 

– 0.014 µg/L. This was the only published study that evaluates DBPs in wastewater 

effluents with GC-MS/MS. While Liu et al’s work used GC-MS/MS, it is limited to only 13 

DBPs.  

Roumiguiès et al. used GC – MS/MS instrumentation to analyze 4THMs, 4 I-THMs, 

6 HKTs, 1 haloacetaldehyde (HALD), 7 HANs, and 4 HNMs. Water was taken from 18 

river water and 4 tap water samples. The extraction method was SPE, however, this study 

optimized using the SPE Bakerbond SDB cartridge where several SPE cartridges were 

employed to evaluate which SPE cartridge resulted in larger recoveries, similar to Kinani 

et. al. 31
 This work resulted in LODs between 0.003 – 3.0 µg/L. 34 Although Roumiguières 

et al. evaluated a more extensive list of DBPs, it was only validated for tap water and river 

water, and was not validated for wastewater effluents.  

Overall, current DBP methods provide low level quantification that can quantify 

DBPs in drinking and surface water. However, our work aims to further increase the 

repertoire of unregulated DBP analysis by providing low method detection limits and 
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specifically, a method that is fully developed and validated for wastewater effluents. 

Furthermore, the work in this thesis also expanded the ability to detect a larger amount 

of DBP classes in one simultaneous run. Of all the methods listed in Table 1-4, only Liu 

et. al.’s work validated the method for secondary effluent. This method proves 

advantageous for closing some of the knowledge gaps of DBPs in wastewater effluents.   

1.6 Motivation 

 The increase of the human population, global warming, and increasing 

anthropogenic compounds to waterways is compromising pristine water sources used for 

drinking water. Many developed countries have begun using wastewater as an alternative 

water source for potable reuse such as Singapore and the USA. However, it is not well 

understood what DBPs may form disinfection of wastewater-impacted waters. This study 

aims to 1) develop and validate an analytical method that can quantify 25 DBPs from 5 

high priority DBP classes, and 2) evaluate the DBP formation potential from chlorination 

and chloramination in a full-scale wastewater reuse facility.  

 Chapter 2 describes the analytical method development for the quantification of 25 

DBPs in wastewater samples using the GC-MS/MS. The development of the method 

involved running pure DBP standards to determine the quantifying (Q), qualifying (q) 

transitions, collision energies (CE), dwell times, and time segments. Then, parameters 

for LLE were improved in ultrapure water and methyl tert-butyl ether (MTBE) and 

validated in wastewater effluents. Percent recoveries from wastewater effluents were 

obtained by quantifying DBPs before and after standards spikes.  

 DBPs were evaluated in disinfected wastewater effluents and recycled waters in a 

full-scale wastewater reuse facility and described in Chapter 3. Samples were obtained 
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across the process treatment train to evaluate the removal of DBP precursors from four 

wastewater effluents. The sampled waters included in this study were secondary 

wastewater effluent, microfiltration (UF), UF/O3, and UF/Reverse Osmosis (RO).  

Collected waters were disinfected under uniform formation conditions (UFC) using HOCl 

and NH2Cl. UFC formation potential tests were chosen because the DBPs formed are 

representative of by-product formation in a real water treatment plant. Furthermore, 

sampling of these waters took place in Summer 2019, Fall 2019, and Winter 2020 to 

provide insight on how seasons affect the composition of effluent organic matter (EfOM) 

and therefore its impact on DBP speciation. Parts of Chapter 2 and 3 were taken from a 

submitted manuscript titled “Emerging disinfection by-product quantification method for 

wastewater reuse: trace level assessment using tandem mass spectrometry” to the 

journal Environmental Science: Water Research & Technology. 
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Chapter 2: Analytical Method Development for the Quantification of 25 DBPs in 

Wastewater using Gas Chromatography-Tandem Mass Spectrometry 

2.1  Introduction  

Water disinfection is used in drinking water and wastewater treatment to effectively 

control microbial pathogens that lead to waterborne diseases. However, organic matter 

and inorganic compounds (i.e. Br-, I-) that naturally occur in rivers and lakes can also react 

with disinfectants to produce disinfection by-products (DBPs). DBPs are always present 

in disinfected waters typically at µg/L levels. 6, 35 Although DBPs protect against 

immediate acute risks produced by microbial pathogens, they may also lead to potential 

chronic health problems caused by long-term exposure including bladder cancer and 

adverse birth outcomes. 36-46 Currently, guidelines and regulations have been established 

globally for 12 DBPs including THMs and HAA. 16, 35 However, more than 600 DBPs have 

been identified in surface or groundwaters disinfected with chlorine, chloramines, ozone, 

and chlorine dioxide. 35 Other DBP chemical classes include HANs, HNMs, HALDs, and 

HKTs. 

The chemical and biological composition of source waters used for drinking water 

purposes are constantly changing as the result of population growth, climate change, and 

water scarcity. 47 Anthropogenic compounds (i.e, pharmaceuticals, personal care 

products, industrial chemicals) that are not well removed from treated wastewater are 

increasingly being found in lakes and rivers. 48, 49 Disinfectants also react with 

anthropogenic compounds which can potentially produce a different suite of DBPs 

compared to pristine waters. 50, 51 However, only a few studies have characterized the 

formation of unregulated priority DBPs (i.e., HANs, HNMs, HALDs, and HKTs.) in 

wastewater-impacted source waters and wastewater reuse. 52-60 Although recent 
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toxicological studies suggest that disinfected wastewater-impacted waters are more toxic 

than pristine waters, advanced water treatment including reverse osmosis and advanced 

oxidation processes may reduce the overall toxicity. 61, 62 It is critical to understand the 

efficiency of advanced and conventional treatment processes to remove or transform 

anthropogenic contaminants in source waters and bridging that knowledge gap to water 

toxicity.  

Quantification of all DBP chemical classes could be laborious and intensive 

because most analytical methods are optimized for specific chemical and physical 

properties of a single DBP chemical class. 35, 63-66 Multianalyte methods that combine 

distinct chemical classes of unregulated DBPs have been developed in recent years 

which facilitates comprehensive DBP analysis. 25, 31-34, 67-70 However, these methods are 

mostly used for drinking water matrices and very few have been validated for wastewater 

impacted water sources. 33 Furthermore, as more studies evaluate the formation of 

unregulated DBPs from disinfection of pharmaceuticals, personal care products, and 

other environmental pollutants present in wastewater at parts per trillion levels.63-66, 71 

DBP analytical methods with higher sensitivity are needed.  

The objective of this study was to develop a highly sensitive analytical method that 

can quantify DBPs in wastewater-impacted waters at parts per trillion levels. To achieve 

this, we employed a gas chromatography tandem mass spectrometry technology that 

reduce background ions and targets specifically for selected ions resulting in lower 

detection limits. Tandem mass spectrometry is advantageous because it can produce 

“precursor ions” from a target analyte, select a precursor ion and further fragment it to 

“product ions”. Quantification is based on selected product ions that have high signal to 
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noise ratio that leads to a highly sensitive method with almost no ambiguity. This highly 

sensitive quantification is advantageous for analysis of complex matrices such as 

secondary wastewater effluent where many contaminants and interferences exist in 

solution.  

2.2 Material and Methods  

2.2.1 Reagents and Solutions 

DBP analytical reference materials listed in Table 1 were obtained at the highest 

purity available from Sigma Aldrich (St. Louis, MO), Toronto Research Chemicals 

(Toronto, ON, Canada), AccuStandard (New Haven, CT, USA), and Cansyn Chem. Corp. 

(Toronto, ON, Canada). Anhydrous acetonitrile and methyl tert-butyl ether (MTBE) were 

purchased from Acros Organics (New Jersey, NJ, USA). Ultrapure water (≥18.1 MΩ) was 

obtained from a Barnstead MicroPure system (Thermo Fisher Scientific, USA).  

Individual reference standards were weighted and diluted in anhydrous acetonitrile to 

make ~4,000 mg/L stock solutions.  Five 100 mg/L stock solutions for each DBP chemical 

class were prepared by mixing individual components in anhydrous acetonitrile. DBP 

chemical classes included haloacetonitriles (HANs), haloketones (HKTs), haloaldehydes 

(HALDs), halonitromethanes (HANs), and iodo–trihalomethanes (I-THMs). For example, 

a 100 mg/L stock mix of HALDs contained a mixture of dibromochloroacetaldehyde, 

bromodichloroacetaldehyde, and tribromoacetaldehyde. Individual and DBP mix stock 

solutions were stable for a year. Two master stocks were prepared daily prior to use by 

combining each DBP class to make 100 and 5 µg/L solutions. Master stocks were used 

to prepare neat standards and to spike ultra pure water samples. 
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2.2.2 Instrumentation 

A gas chromatograph tandem mass spectrometer (GC-MS/MS) was used to 

quantify DBPs. The GC was an Agilent 7890B with multi-mode inlet (MMI) coupled to a 

7000C Agilent triple quadrupole (Agilent Technologies, Santa Clara, CA). This system’s 

ionization source was electron ionization (EI). The GC column used in this study was a 

Restek 200-Rtx column (30m x 0.25mm ID x 0.25 µm df) containing an inert mid-polarity 

crossbond trifluoropropylmethyl polysiloxane stationary phase. Previous studies have 

shown the advantages of this mid-polarity column when analyzing several DBP chemical 

classes. 25, 32 The GC oven program started at 35°C and was held for 5 min, followed by 

a temperature ramp of 9 °C/min to 220°C. A second temperature ramp of 20 °C/min to 

280°C was programmed with a final hold of 20 min for a total run time of 47.6 minutes. 

Samples were injected as a pulsed-splitless injection with an inlet temperature program. 

The initial inlet temperature was 35°C and increased to 170°C at a rate of 360°C/min, 

followed by a second ramp of 720°C/min to a final temperature of 250°C. The injection 

pulse pressure of 20 psi was held for 0.75 min followed by an immediate purge to split 

vent of 30 mL/min.  The transfer line and ion source temperatures were 250°C and 200°C, 

respectively.  

The ionic transitions in the mass spectrometer were optimized by running a full scan 

of each DBP to observe the ion fragmentation pattern in each mass spectra. Typically, 

the base peak off all analytes were selected for a product ion scan. Once the product ion 

with the highest signal was obtained, parameters including collision energies, dwell times 

and time segments were optimized. The mass spectrometer was programmed under 

multiple reaction monitoring (MRM) mode with optimized parameters. Pure standards and 
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sample extracts were analyzed using the Agilent Mass Hunter (version 8.0) software for 

quantitation.  

2.2.3 Calibration and Method Detection Limits  

Calibration curve and method detection limits (MDLs) were determined from 

solutions prepared with ultra pure water that were spiked with the master stocks that 

contained all DBPs. The calibration curve solutions were prepared daily with 

concentrations of 0.001, 0.005, 0.01, 0.025, 0.05, 0.10, 0.25, 0.50, 1, 5, 10, and 25 µg/L.  

The calibration curves were separated in two parts in order to ensure linearity across all 

points. For low level quantification, a calibration curve using points between 0.001 - 0.50 

µg/L were used. Other compounds were quantified with the upper half calibration points 

with a calibration curve ranging from 0.50 - 25 µg/L. Each calibration curve had a 

coefficient of determination (R2) greater than 0.99 and had a linear range of three orders 

of magnitude. 

MDLs were determined by the standard deviation of n=7 replicates multiplied by the 

99% confidence interval of a one-sided Student’s t-test as detailed elsewhere. 25 Briefly, 

MDLs were calculated using the equation below. Where 𝐶𝐿 is the concentration of all 

replicates in µg/L, is the 99% confidence level of n-1 Student’s t-value, and 

𝑆𝐷𝑃𝑒𝑎𝑘𝐴𝑟𝑒𝑎 and 𝐴𝑉𝑃𝑒𝑎𝑘𝐴𝑟𝑒𝑎 are the averaged standard deviation and peak areas, 

respectively. MDLs are reported on Table 1. 

𝑀𝐷𝐿 = 𝑡𝑁−1,1−𝛼=0.99𝐶𝐿
𝑆𝐷𝑃𝑒𝑎𝑘𝐴𝑟𝑒𝑎

𝐴𝑉𝑃𝑒𝑎𝑘𝐴𝑟𝑒𝑎
 

 

 

tN-1,1-a=0.99
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2.3  Results and Discussion  

2.3.1 MS/MS Optimization: Transitions 

Individual DBP neat standards were first analyzed in full scan mode to identify DBP 

transitions and determine retention times. The precursor ions were selected based on the 

base peak (most abundant ion) for most DBPs. However, the precursor ion for 1,1-

dichloropropanone (11DCP), 1,1,1-trichloropropanone (111TCP), 1-bromo-1,1-

dichloropropanone (1B11DCP), dichloroiodomethane (DCIM), and 

bromochloroiodomethane (BCIM) were selected based on the second strongest fragment 

peak. For example, 11DCP, 111TCP, and 1B11DCP all shared a common m/z base peak 

of 43.1 representing the [COCH3]+ fragment. This fragment was not selected because 

upon further fragmentation, the m/z of the product ions would be less than 32. A similar 

issue was encountered for DCIM where the m/z base peak of [Cl2CH]+ 82.9 led to a weak 

product ion response. For this reason, the m/z molecular ion peak [CHCl2I]+ 209.9 was 

selected as the precursor ion. BCIM had a base peak of m/z 126.9 that corresponded to 

[I]+ ion. The selection of the 126.9 m/z peak was not possible for further fragmentation, 

therefore the molecular ion [CHBrClI]+ with m/z of 255.9 was selected as the precursor 

ion. After the precursor ion selection, a product scan was obtained to determine the 

fragmentation pattern and select the two most abundant m/z ions as the quantification 

(Q) and qualification (q) ion. Results are shown in Tables 2-1.  

 

 

 

Table 2-1: Ion fragmentations of DBPs and their quantifying and qualifying transitions  
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DBP Fragment 
Precursor Ion 

(m/z) 
Fragment 

Q Ion 

(m/z) 
Fragment 

q Ion 

(m/z) 

CAN [CH2ClCN]+ 75.0 [CHCl]+ 48.0 [CH2CN]+ 40.1 

BAN [CH2BrCN]+ 120.9 [CH2CN]+ 40.1 [CH2CN]+ 41.1 

IAN [CH2ICN]+ 166.9 [CH2CN]+ 40.1 [CH2CN]+ 41.1 

DCAN [CHClCN]+ 73.9 [CCl]+ 47.0 [CHCN]+ 40.1 

DBAN [CHBrCN]+ 117.9 [CBr]+ 90.9 [CHCN]+ 40.1 

BCAN [CHClCN]+ 73.9 [ClC]+ 47.0 [CHCN]+ 40.1 

TCAN [CCl2CN]+ 107.8 [CClCN]+ 72.9 [CCl]+ 47.0 

DCNM [CHCl2]+ 82.9 [CHCl]+ 48.0 [CCl]+ 47.0 

DBNM [CHBr2]+ 172.8 [CHBr]+ 91.9 [CHBr]+ 93.9 

BCNM [CHBrCl]+ 128.9 [CHCl]+ 48.0 [CCl]+ 47.0 

BDCAld [CHCl2]+ 82.9 [CCl]+ 46.9 [CHCl]+ 48.0 

DBCAld [CHBrCl]+ 128.9 [CHCl]+ 48.0 [ClC]+ 47.0 

TBAld [CHBr2]+ 172.8 [CHBr]+ 91.9 [CHBr]+ 93.9 

11DCP [CHCl2]+ 82.9 [CCl]+ 47.0 [CHCl]+ 48.0 

13DCP [CH2ClCO]+ 77.0 [CH2Cl]+ 49.0 [CHCl]+ 48.0 

111TCP [Cl2CCOCH3]+ 124.9 [CCl2CH3]+ 97.0 [CHCl2]+ 82.9 

113TCP [CH2ClCO]+ 77.0 [CH2Cl]+ 49.0 [CCl]+ 47.0 

1B11DCP [Cl2CCOCH3]+ 124.9 [CCl2CH3]+ 97.0 [CH3CO ]+ 43.1 

1133TeCP [CHCl2]+ 82.9 [CCl]+ 47.0 [CHCl]+ 48.0 

DCIM [CHICl2]+ 209.9 [CHCl2]+ 82.9 [CHCl2]+ 84.9 

BCIM [CHIBrCl]+ 255.9 [CHBrCl]+ 128.8 [CHBrCl]+ 130.8 

DBIM [CHBr2]+ 172.8 [CHBr]+ 91.9 [CHBr]+ 93.9 

CDIM [CHICl]+ 174.9 [CHCl]+ 48.0 [CCl]+ 47.0 

BDIM [CHIBr]+ 218.8 [CHBr]+ 91.9 [CHI]+ 140.0 

TIM [CHI2]+ 266.8 [CHI]+ 140.0 [I]+ 127.0 

I.S. [CH2BrCHCH3]+ 120.9 [CH2Br]+ 92.9 [H4C3]+ 41.1 
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Figure 2-1: Collision energy (eV) optimization energies of the HAN class ranging from 0 

– 50 eV.   

2.3.2 MS/MS Optimization: Collision Energies  

After DBP transitions were identified, collision energies (CE) were optimized to 

maximize the signal for each transition. First, HANs were optimized manually by 

incrementing the collision energy applied to each precursor ion. The CE was optimized 

once the maximum abundance was observed for the quantifier and qualifier transitions 

as shown in Figure 2-1. Manual optimization of CE values were compared to 

MassHunter’s automatic “MRM transition optimizer” feature reported in Table 2-2. The 

automated CE values selected for the HANs class were in agreement with the manually 

optimized CE values, thereby validating the automated optimizer feature on Agilent’s 

MassHunter. The MRM transition optimizer was then applied for the remaining DBPs. The 
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optimizer feature varied the CE with increments of 2 eV with range between 0 – 60eV. 

The software identified the CE that resulted in the highest abundance for each transition. 

All optimized CE are displayed in Table 2-2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2-2: Final parameters for all DBPs used in this method, including chemical 

transitions, dwell times, collision energies and recoveries in ultra – pure (18 MΩ Water).  
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DBP 
Class 

DBP 
Purity 
(%) 

Abb. 
Retention 
time (min) 

MDLs 
(ng/L) 

Percent 
Recoverye 

Precursor 
(m/z) 

Quantification Ion Qualification Ion Dwell Time 
(ms) m/z CE (eV) m/z CE (eV) 

HAN 

Chloroacetonitrile 99.5b CAN 4.14 5.7 126.8 75 48 5 40.1 15 21.1 

Bromoacetonitrile 99.8b BAN 6.69 3.6 120.8 120.9 40.1 10 41.1 10 18.3 

Iodoacetonitrile 98.1b IAN 9.64 6.3 108.4 166.9 40.1 21 41.1 42 12.5 

Dichloroacetonitrile 99.4d DCAN 3.86 3.2 91.4 73.9 47 21 40.1 32 22.2 

Dibromoacetonitrile 95.9d DBAN 8.9 68.9 153.1 117.9 90.9 21 40.1 35 14.6 

Bromochloroacetonitrile 95.8d BCAN 6.46 3.7 89.2 73.9 47 21 40.1 32 18.3 

Trichloroacetonitrile 98.0d TCAN 2.95 3.2 34.1 107.8 72.9 29 47 60 21.7 

HNM 

Dichloronitromethane 96.2a DCNM 4.85 4.1 109.2 82.9 48 52 47 55 27.8 

Dibromonitromethane 92.5a DBNM 9.29 2.3 77.7 172.8 91.9 59 93.9 59 16.7 

Bromochloronitromethane 92.3a BCNM 7.29 4.1 92.9 128.9 48 50 47 50 19.8 

HAL 

Bromodichloroacetaldehyde 94.2a BDCAld 5.5 50.0 87.7 82.9 47 34 48 48 18.8 

Dibromochloroacetaldehyde 90.3a DBCAld 7.91 11.9 106.6 128.9 48 48 47 50 18.8 

Tribromoacetaldehyde 97.3b TBAld 9.94 13.0 111.7 172.8 91.9 59 93.9 58 20.8 

HKT 

1,1-dichloropropanone 95.5d 11DCP 4.69 25.7 108.5 82.9 47 43 48 43 23.3 

1,3-dichloropropanone 99.9a 13DCP 9.76 6.8 122.6 77 49 9 48 43 12.5 

1,1,1-trichloropropanone 98.7d 111TCP 7.64 30.6 62.9 124.9 97 9 82.9 9 18.8 

1,1,3-trichloropropanone 85.0c 113TCP 10.87 7.5 134.2 77 49 10 47 46 40.8 

1-bromo-1,1-dichloropropanone 96.0c 1B11DCP 9.68 56.2 84.7 124.9 97 2 43.1 22 20.8 

1,1,3,3-Tetrachloropropanone 92.7a 1133TeCP 11.74 5.5 138.2 82.9 47 43 48 34 33.3 

I-THMs 

Dichloroiodomethane 99.9a DCIM 4.12 5.7 88.3 209.9 82.9 1 84.9 12 22.2 

Bromochloroiodomethane 99.0a BCIM 6.4 7.5 72.1 255.9 128.8 2 130.8 11 15.4 

Dibromoiodomethane 93.9a DBIM 8.52 2.0 69.9 172.8 91.9 57 93.9 57 18.8 

Chlorodiiodomethane 99.9a CDIM 9.02 3.6 53.2 174.9 48 53 47 60 20.8 

Bromodiiodomethane 92.5a BDIM 10.8 5.6 52.0 218.8 91.9 60 140 60 45.8 

Iodoform 99.0b TIM 12.74 3.1 49.2 266.8 140 60 127 60 50.0 

I.S. 1,2-dibromopropane 97.0b I.S. 6.31 N/A N/A 120.9 92.9 30 41.1 10 16.3 
aCanSyn Chem Corp bSigma Aldrich cToronto Research Chemicals dAccuStandard ePercent recoveries are for final conditions detailed in Table 3 

I.S.: internal standard; N/A: not applicable; MDLs: method detection limits; Abb.: abbreviation 
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Figure 2-2: Chromatographic separation of 25 DBPs. Red arrows indicate time segments 

 

2.3.3 MS/MS Optimization: Time Segments  

In order to increase sensitivity of the instrument, time segments were introduced 

into the method. Time segments ensure higher sensitivity of the triple quadrupole by 

reducing the number of chemical transitions to scan for per segment. 72 A total of four 

time segments were included as shown in Figure 2-2: 0.00-5.20, 5.20-8.20, 8.20-10.20, 

and 10.20-47.60 minutes. Each time segment had 6, 7, 8, and 4 DBPs, respectively. 

Additionally, each segment was selected when target peaks were not present (Figure 2-

2). The time gap between the peaks ensured that the quadrupoles and software had 

enough time to adjust for the scans included in the next segment.   
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2.3.4 MS/MS Optimization: Dwell Times 

Another parameter that was optimized for this method was the dwell time for each analyte. 

Dwell time refers to the sampling or scanning time spent for each peak during the MRM. 

73Typically, longer dwell times result in a higher number of ion hits to the detector resulting 

in an increased sensitivity of the analyte. Peak shape is dependent on dwell times as 

seen in the equation below   

𝐷𝑤𝑒𝑙𝑙 𝑡𝑖𝑚𝑒 (𝑚𝑠) =
𝑝𝑤

𝑡𝑟 ∗ 15
 

where, 𝑝𝑤 is the peak width in milliseconds, and 𝑡𝑟 is the number of total transitions in 

each time segment.  Literature reports that 12-20 points per peak results in an acceptable 

peak shape that increases accurate quantitation and reproducibility of peak shape. 74, 75 

In our study, 15 data points were used in the equation to determine appropriate dwell 

time. For example, in the first time segment there were six analytes with two transitions 

each which corresponded to a total of 12 transitions per segment. The range of dwell 

times is due to the number of transitions per time segment resulting with dwell times 

between 12.5-50.0 ms as observed in Table 2-2. Chromatographic separation of all 

analytes with optimized collision energy, segment time and dwell time are shown in Figure 

2-2.  
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2.3.5 Liquid-Liquid Extraction: Sample Volume Reduction 

DBPs are small volatile molecules that are extracted with LLE. 25, 32, 67-70 However, 

LLE is time consuming and is typically the limiting step for DBP analysis for most cases. 

Cuthbertson et al. LLE method was modified in this study, to reduce time and resources 

increasing analysis capacity. 32Due to the increased sensitivity that comes with a MS/MS 

system, the sample extract concentration was reduced, thereby requiring less sample and 

solvent volume, salt, and overall analysis time. First, three sample volumes (100, 50 and 

10 mL) were evaluated under similar conditions (Exp. 1, 2, and 4) as described in Table 

2-3. Sodium sulfate was adjusted according to the sample volume to achieve salt 

saturation of 0.3 g/mL. LLE was performed three times for all experiments. Percent 

recoveries are plotted for all DBP classes in Figure 2-3 A-E.  

Table 2-3.  Recovery percentage of each DBP spiked at 100 ng L-1 for each Experiment 

1-4.  

Variable Experiment 1 Experiment 2 Experiment 3 Experiment 4 

Sample Volume (mL) 100 50 50 10 

Organic Solvent (mL) 5 x 3 5 x 3 5 x 3 3 x 3 

Sodium Sulfate (g) 30 15 15 3 

Shake Time (min) 15 15 15 15 

Rest Time (min) 15 15 15 15 

Final Extract Volume 
(µL) 

200 200 100 200 

 

In general, percent recoveries were reduced by about half when sample volume was 

reduced from 100 (Exp. 1) to 50 mL (Exp. 2). However, Figure 2-3C depicts the HKT 

recoveries. Experiment 2 resulted in 0% recovery for all HKTs except 1B11DCP and 

113TCP where recoveries were less than 10% for each HKT. The overall complete loss 

of recovery for most HKTs and approximately 50% loss for all other classes may be 



33 

 

attributed to the size of the amber bottle used. The sample size of 50 mL in Exp 2 required 

the use of a 125 mL amber bottle, resulting in almost 50% headspace once all other 

reagents were added. The aggressive shaking of the bottles, coupled with the headspace, 

may have resulted in volatilization of the DBPs, thereby resulting in decreased recoveries.  

However, when sample volume was reduced to 10 mL (Exp. 4) similar percent 

recoveries were obtained compared to 100 mL sample volume. Similar results were also 

observed with HNMs and HALDs therefore, a sample volume of 10 mL was used for 

further optimization. Additionally, two final extract volumes, 200 and 100 µL, were also 

evaluated (Exp. 2 and 3). Percent recoveries obtained in Experiment 3 were slightly 

higher compared to Experiment 2 however, a final volume of 100 µL was found difficult to 

work with during the nitrogen blowdown that could lead to a higher error in the method. 

Therefore, a final extract volume of 200 µL was used.   
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Figure 2-3: A) Extract and sample volume for HAN class reported as percent recoveries. 

B) Extract and sample volume for I-THM class reported as percent recoveries. C) Extract 

and sample volume for HKT class reported as percent recoveries D) Extract and sample 
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volume for HNM class reported as percent recoveries E) Extract and sample volume for 

HALD class reported as percent recoveries. Dashed lines represent acceptable percent 

recovery range between 70-130%. 

2.3.6 Liquid-Liquid Extraction: Solvent Volume and Shake Time 

Solvent volume (1, 3, and 5 mL) and shaking time (5, 10, 15 min) were also reduced. 

LLE was performed three times for each solvent volume. Percent recoveries are shown 

in Figure 2-4 A,B,C. Initial extraction conditions of 5 mL x 3 for 15 min (Figure 2-4 C) had 

the best analyte percent recoveries (> 70%) except for trichloroacetonitrile (TCAN).  

Similar results were observed with a lower solvent volume of 3 mL x 3 as shown in Figure 

2-4 B. The majority of analytes had recoveries > 70% for a 10 and 15 min shake times. 

Although reducing solvent volume may adversely affect analyte extraction efficiency from 

water samples, it can also reduce time required to concentrate the extract thereby 

minimizing analyte loss due to volatilization. However, when 1 mL x 3 was evaluated 

percent recoveries were significantly lower than 70%  (Figure 2-4 A). Therefore, solvent 

volume and shaking time was tested at 3 mL x 3 and 10 minutes, respectively. Final 

sample extraction conditions are summarized in Table 2-4 which reduced overall sample 

extraction time by half compared to initial conditions (Experiment 1).  

Table 2-4: Sample extraction: initial and final conditions 

Variable Initial Conditions 32 Final Conditions 

Sample Volume 100 10 

Organic Solvent 5 x 3 3 x 3 

Sodium Sulfate (g) 30 3 

Shake Time (min) 15 10 

Rest Time (min) 15 5 

Total extraction time 
(6 samples in duplicate) 

4 hours 2 hours 

32(Cuthbertson et al., 2020) bthis work  
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Figure 2-4: Testing of three shake times for 1 mL x 3 of MTBE solvent extraction (A). 

Testing of three shake times for 3 mL x 3 of MTBE solvent extraction (B). Testing of three 

shake times for 5 mL x 3 of MTBE solvent extraction (C). All recoveries were performed 

in triplicate and average recovery is plotted. Dashed lines represent the acceptable range 

for DBPs (70-130%).  
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2.3.7 Percent Recoveries and Matrix Effects  

Analyte percent recoveries for 100 ng/L spikes for initial and final conditions (Table 

2-4) are shown in Figure 2-5A.  Initial percent recoveries determined in this study ranged 

between 31–142% which agrees with values obtained by Cuthbertson et al between 30-

110%. 32 TCAN had the lowest recovery at 31.3% which is slightly higher than previously 

reported at 20%. TCAN low recovery might be linked to TCAN’s lower boiling point (84C) 

that indicates a higher volatility compared to other HANs that have boiling points ≥110C. 

In the sample extraction process, solvent extracts are blown down under a slow nitrogen 

stream where TCAN could have been lost in the process. At final conditions, it was 

observed that percent recoveries for 16 DBPs remain about the same especially for I-

THMs. Higher recoveries were also observed for chloroacetonitrile (CAN), 

bromoacetonitrile (BAN), and 1,3-dichloropropanone (13DCP).  However, 

dibromoacetonitrile (DBAN), dichloronitromethane (DCNM), bromochloronitromethane  

(BCNM), 1,1,3,3-tetrachloropropanone (1133TeCP), bromodichloroacetaldehyde 

(BDCALD), and dibromochloroacetaldehyde (DBCALD) had lower percent recoveries 

compared to initial conditions. The final conditions obtained percent recoveries within 70-

130% except for DBAN, TCAN, 111TCP, 113TCP, 1133TeCP, iodoform (TIM), BDIM, 

DBIM and, CDIM.   Furthermore, percent recoveries at a higher spike level of 5 µg/L at 

final conditions (Figure 2-5B – Ultra Pure Water) were between 31-104%. 

Sample extraction from different matrices other than ultra pure water could affect the 

efficiency to recover analytes. Figure 2-5B illustrates the recovery of each analyte from 

ultra-pure water and secondary wastewater effluent. DBP percent recoveries from 
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secondary effluents (29-83%) for most analytes were slightly lower compared to ultrapure 

water extractions (31-104%). HNM percent recovery dropped from 84 - 104% in ultra pure 

water to 61-73% in wastewater effluents. However, calibration curves are obtained from 

known spiked waters that undergo the sample extraction process. For this reason, 

although absolute percent recoveries determined in Figure 2-5B are important, the main 

concern for the method’s precision is the difference between both matrices. The 

difference between ultrapure and wastewater recoveries were between 0.5-30% which 

were found to be acceptable.  

 

Figure 2-5: (A) Percent recoveries obtained from 100 ng/L spikes of analytical standards 

in ultra-pure water. Extractions were performed in triplicate and results are shown as an 

average. Dashed lines represent acceptable percent recovery range between 70-130%. 

(B) percent recoveries obtained from 5 µg/L spikes of analytical standards in ultra-pure 

water (black bars) and secondary effluent (blue bars). Extractions were performed in 

triplicate and results are shown as an average.  
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2.3.8 Method Validation and Reproducibility 

A study was performed to observe the reproducibility and precision of the analytical 

method. An acceptable precision is acceptable when the RSD is about 10% of less. 

Precision of the instrument was also tested for all analytes at a low (100 ppt) and mid, 

(250 ppt) and high concentrations (100ppb). Replicate injections (n=7) of all analytes were 

injected from the same vial to test the precision of the instrument. Precision was 

calculated by displaying the %RSD for each analyte at each concentration listed below in 

Table 2-5. The majority of analytes displayed low RSD (<3.1%) with higher concentrated 

samples however, TCAN displayed high RSD with an average of 60% for all spikes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2-5: Precision RSD values of all compounds injected (n=7) at 100 ng/L, 250ng/L, 

and 100 µg/L. 
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 RSD (%) 

DBP 100 ng/L 250 ng/L 100 µg/L 

CAN 5.7 4.6 2 

BAN 7 3.8 1.1 

IAN 8.2 7.9 0.9 

DCAN 4.6 3.6 1.4 

DBAN 10.1 10.7 1.6 

BCAN 8.8 5.4 2.1 

TCAN 43.9 98.8 36.0 

DCNM 6.5 5.4 1.5 

DBNM 9.1 7.1 2.9 

BCNM 8.8 8 1.1 

BDCAld < MDL 22.6 3 

DBCAld 9.6 5 1.3 

TBAld 10.3 10 2.6 

11DCP < MDL 4.5 3.1 

13DCP 8.6 6.5 1 

111TCP 10.6 9.1 1.7 

113TCP 10.4 9.1 0.8 

1B11DCP 7.3 7.9 1.7 

1133TeCP 11.4 10.5 1.6 

DCIM 6.4 6.7 2.3 

BCIM 6.8 13.6 1.8 

DBIM 8.2 7.9 1.1 

CDIM 6.7 9.5 1.2 

BDIM 9.9 10.7 1.1 

TIM 8.7 8.9 1.2 
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2.4 Conclusions 

A novel GC-MS/MS method was developed and validated for the simultaneous 

quantification of 25 DBPs in treated wastewater effluents. In order to obtain low-level 

quantification, several parameters were optimized on the mass spectrometer including 

collision energy, dwell times, and time segments. Collision energies were optimized in 

order to produce a large m/z signal of the Q and q ion transitions for all DBPs. Moreover, 

dwell times were determined to ensure good peak shape (15 points per peak) and 

reproducibility at trace level quantification. Additionally, four time-segments were also 

implemented in the analytical method to increase sensitivity of the detector by limiting the 

transitions to scan for in each segment.  

The sample extraction process was also improved to reduce the amount of sample 

volume. Initially, four experimental conditions were tested to reduce initial sample size 

and the final volume of the extract (Figure 2-3 A-E). Then, the shake time was also tested 

to reduce the overall extraction time and increase sample throughput (Figure 2-4 A-C). 

The final sample size was reduced from 100 mL to 10 mL with and overall extraction time 

reduced by half.  

After the MS/MS optimization and sample extraction reduction, the method was 

validated in ultra pure and secondary effluent waters with recoveries between 31-104% 

and 29-83%, respectively. Overall, the method improvement lead to MDLs ranging from 

2.0-68.9 ng/L for this GC-MS/MS method.  

This method will be used to evaluate DBP formation potential in secondary effluent, 

UF, UF/Ozone, and UF/RO waters. Each sample will be collected at an advanced 

wastewater treatment plant and disinfected with chlorine and chloramines. Finally, all 
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samples will be quenched using ascorbic acid, extracted, and injected in to the GC-

MS/MS. 
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Chapter 3: DBPs in a Full Scale Reuse Facility 

3.1. Introduction 

 This work evaluates the efficacy of DBP precursor removal from secondary 

wastewater effluents with advanced treatment processes including microfiltration (UF), 

UF-ozonation (O3), and UF – reverse osmosis (RO). DBP precursor removal is 

characterized by the amount of DBPs formed post-disinfection. Therefore, if less DBPs 

are formed after a treatment process, this can be regarded as an efficient treatment step. 

This analytical method quantifies 25 high priority DBPs. Information on DBP composition 

of treated wastewaters is necessary to assess the toxicological properties of finished 

wastewaters for potable reuse. 19, 58, 69  

 This research is the first to comprehensively evaluate DBP formation potential of 

priority DBPs from chlorination and chloramination across a full-scale reuse facility in 

Canada. Mitch et al. conducted similar studies where halogenated DBPs were 

characterized from advanced potable reuse treatment trains in the United States. 55, 60 

However, Mitch et al. characterized DBPs within the treatment train and only in disinfected 

RO effluents. The efficacy to remove DBP precursors from each process was not 

evaluated. In this study, DBP precursors removal was evaluated by conducting DBP 

formation potential at each individual treatment step.  

 The need to recycle wastewater for potable reuse may become the only option in 

some areas in the future as climate change and population growth continues to impact 

and deplete pristine freshwater sources available for consumption. This contributing 

factor further drives the need to characterize the DBP speciation in wastwater effluents.  
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3.2 Materials and Methods  

 3.2.1 Advancing Canadian Wastewater Assets (ACWA) 

 Wastewater effluents were collected from Advancing Canadian Wastewater 

Assets (ACWA), a full-scale research plant that treats secondary wastewater effluents 

with microfiltration (UF), followed by reverse osmosis (RO) or ozone treatment (O3) as 

shown in Figure 3-1. The wastewater treatment process includes screen and grit removal, 

primary clarifier, activated sludge reactor, and secondary clarifier. Samples were 

collected in 1L HDPE bottles with no headspace and were stored at 4°C. Water quality 

parameters are shown in Table 3-1, below.  Samples were extracted with improved 

conditions and analyzed for DBPs as controls prior to formation potential testing. 

Sampling events were conducted in summer, fall, and winter on days where the 

wastewater treatment plant was also sampling. This was done in order to obtain as many 

water parameters as possible. Water quality parameters are shown in Table 3-1.  

 

Figure 3-1: Sampling port location schematic  
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3.2.2 Water Samples & Formation Potential Testing  

Formation potential testing was performed under uniform formation conditions (UFC) 

to compare DBP formation across four different water matrices. Chlorination (HOCl) and 

chloramination (NH2Cl) of water samples were performed following the UFC protocol 

detailed elsewhere. 76 Briefly, water samples were filtered through 0.45 µM 

polyethersulfone membrane disc filters prior to disinfection. All reagents were prepared 

using ultra pure chlorine demand free water (CDFW) to prevent any consumption of 

disinfectant by reagents. Hypochlorite dosing solutions (3,000-10,000 mg/L as Cl2) and 

chloramine (1,500 mg/L as Cl2) were prepared daily as explained elsewhere. 77, 78 Filtered 

samples (400 mL) were spiked with 0.8 mL of 1M borate buffer and adjusted to an overall 

pH of 8.0 ± 0.2 using H2SO4/NaOH solutions. Dosed samples were transferred to 125 mL 

amber bottles without headspace and incubated for 24 ± 1 hr to achieve a chlorine 

residual between 0.60 – 1.40 mg/L as Cl2. Chlorine residual and dosing solutions were 

quantified using a colorimetric standard method 4500-Cl. 79 All samples were quenched 

with 1.5:1.0 molar ratio of ascorbic acid to Cl2 once the chlorine residual was measured 

(Table 3-1). Quenched samples were immediately extracted and quantified.  

 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3-1: Water quality parameters of all sampling events 
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DOC: Dissolved organic carbon 
TN: Total nitrogen 
N/A: Not available 
N/D: Not detected  
Iodide was not detected in samples 

 

3.2.3 DBP and TOX Analysis  

Target and non-target DBP analysis were conducted for this study. The validated 

method described in Chapter 2 was used to analyze 25 target DBPs. Total organic 

halogen (TOX) was used for non-target DBP analysis. The TOX method was followed as 

outlined by Kimura et. al with the following modifications. 80 The furnace program for the 

activated carbon (AC) columns was changed to 500 seconds at the end position, 200 

seconds at the cooling position, and 200 seconds at the home position with argon and 

Sampling 
Event 

Matrix 
DOC 
(mg/L 
as C) 

TN 
(mg/L 
as N) 

NH3 
(mg/L) 

pH 
Cl- 

(mg/L) 
Br- 

(µg/L) 
SUVA254 

Chlorine 
Residual 

(mg/L as Cl2) 

HOCl NH2Cl 

Summer 
June 11, 

2019  

Secondary 
Wastewater 

Effluents 
10.16 9.29 <0.04 7.9 N/A N/A N/A 1.39 1.65 

Microfiltration
/Ozonation 

7.69 7.99 0.06 7.7 N/A N/A N/A 1.25 0.93 

Microfiltration
/Reverse 
Osmosis 

< 0.2 0.44 0.04 6.3 N/A N/A N/A 0.95 1 

Fall 
October 
9, 2019  

Secondary 
Wastewater 

Effluents 
7.38 8.53 0.91 7.2 121 55.6 N/A 1.02 1.2 

Microfiltration 7.27 7.56 0.07 7.2 119 82.8 N/A 1.19 0.76 

Microfiltration
/Ozonation 

6.01 7.74 0.13 7.1 124 39.6 N/A 1.41 1.1 

Microfiltration
/Reverse 
Osmosis 

<1.00 0.35 <0.04 5.7 3.48 1.54 N/A 0.81 0.79 

Winter 
February 
6, 2020  

Secondary 
Wastewater 

Effluents 
7.37 10.39 <0.04 7.3 122 N/D 2.11 0.6 1.23 

Microfiltration 6.98 N/A <0.04 7.2 151 N/D 2.11 0.69 1.04 

Microfiltration
/Ozonation 

7.30 8.55 0.04 7.0 116 N/D 0.9 <2.0 1.43 

Microfiltration
/Reverse 
Osmosis 

<0.20 0.49 <0.04 6.4 3.25 N/D N/D 0.93 1.03 
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oxygen flow rate of 200 and 400 mL/min. A 0.02 mM ammonium buffer was used as the 

absorption solution to collect the furnace off-gases. The absorption solution was analyzed 

for chloride, bromide, and iodide using a Dionex Integrion Ion Chromatograph  (Thermo 

Fisher Scientific, USA) and a 2mm Dionex ADRS 600, anion dynamically regenerated 

suppressor was used. The chromatographic column used was a Dionex IonPac AS20 

Analytical Microbore Column (250 mm x 2mm ID). The method detection limits for total 

organic chlorine (TOCl), total organic bromine (TOBr), and total organic iodine (TOI) are 

0.5 µg/L, 1.0 µg/L, and 1.0 µg/L, respectively.  

 

3.3 Results and Discussion   

3.3.1 Summer 2019: DBPs in Advanced Treatment of Secondary Wastewater 

Effluents 

All samples collected in Summer 2019 were from secondary wastewater effluents, 

secondary effluent treated with microfiltration membranes and ozonation (UF/O3), and 

three reverse osmosis membranes (UF/RO). It should be noted that UF effluents were 

not sampled during the first sampling event which is why only three effluents are present 

instead of four. Three DBPs were quantified in total, including DCAN, BCAN, and 11DCP 

as shown in Figure 3-2B. DCAN, and 11DCP were quantified in secondary effluent at 23 

ng/L and 85 ng/L, respectively.  

Both of these DBPs experienced an increase in concentration upon subsequent 

UF and O3 treatment (Figure 3-2 A, B) leading to 100 ng/L and 142 ng/L concentration 

for DCAN and 11DCP, respectively. This increase in concentration has been observed 

previously where haloacetonitriles and haloketones have been identified as ozonation by-
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products as reported by Richardson et al. 35 Furthermore, BCAN was also detected in 

UF/O3 effluents at 8 ng/L. The formation of brominated DBPs in ozonated waters is well 

known due to ozone’s ability to readily oxidize bromide to HOBr, which subsequently 

reacts with organic matter to form brominated DBPs. 18 

Lastly, UF/RO waters reduced DCAN concentration by 76% from secondary 

effluents to finished RO waters. DCAN was quantified at 5 ng/L after RO. Similar results 

were observed in a previous study demonstrating poor RO-rejection of DCAN, consistent 

with the results observed in this study. 81 

Figure 3-2: Quantified DBPs in secondary wastewater effluents (Effluent), ozonation 

(UF/Ozone), and reverse osmosis (UF/RO). DBPs are plotted A) by chemical classes, 

and B) individually by sample. Error bars represent the standard deviation of three 

replicate extractions.  
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3.3.2 Summer 2019: DBP Formation Potential with Chlorine 

All water samples were chlorinated following the UFC procedure. A total of 12 

DBPs were quantified after chlorination (Figure 3-3C). At least one DBP was quantified 

from all five classes in this method (HANs, I-THMs, HNMs. HKTs, and HALDs).  

  Wastewater secondary effluents produced the highest formation of DBPs in the 

order of HANs >> HALDs > HKTs > I-THMs > HNMs (Figure 3-3A). Specifically, DCAN 

was the largest forming DBP in secondary effluents at 27.05 µg/L. DCAN formation 

potential with chlorine disinfection was significant in secondary effluents which indicates 

that DCAN precursors are high. The second largest forming DBP was BDCAld at a 

concentration of 1.48 µg/L. Overall, a total of 30.8 µg/L of DBPs in this method formed 

after 24 hours, where DCAN and BDCAld constituted 87.8% and 4.8% of the total DBP 

makeup, respectively. Overall, the predominant formation of DCAN from chlorinated 

effluents has been observed in multiple studies where wastewater effluents were 

chlorinated for 24 hours. 82, 83 One study found that after 24 hour chlorination of secondary 

effluents, approximately 14.3 µg/L of DCAN formed, constituting the largest forming HAN 

in their method, which is consistent with our results. 82 

 UF/O3/HOCl effluents resulted in the second largest DBP forming water matrix with 

a total concentration of 12.95 µg/L were DCAN constituted 81.8% of the total DBP 

speciation (Figure 3-3C). The HAN class also comprised of TCAN, CAN, and BAN, 

although these DBPs comprised 3.13, 1.64, and 1.83%, respectively. Overall, the pre-

ozonation step was able to reduce the total HAN concentration by 15.0 ug/L, indicating 

that precursors specific to HAN formation are readily degraded by ozone. Furthermore, 

the presence of a pre-ozonation step led to an increase in HNM formation post-
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disinfection. The second largest forming DBP was BCNM at 1.22 µg/L (7.72%) in 

UF/O3/HOCl effluents. Both HAN and HNM are nitrogenous DBPs that have been shown 

to form at greater concentrations in the presence of nitrogenous precursors typically found 

in EfOM. 84-86 Furthermore, the total nitrogen (TN) concentration of UF/O3 quantified at 

7.99 mg/L (Table 3-1) may have played a role in the predominant N-DBP formation 

observed in the UF/O3/HOCl effluents. 

 Lastly, UF/RO/HOCl effluents produced the least amount of DBPs with a total 

concentration of 0.90 µg/L (Figure 3-3B). DCAN was the predominant DBP formed, 

comprising 37.0% of total DBP speciation (0.33 µg/L). Overall, the RO system was able 

to remove almost all DOC and ammonia nitrogen. TN was quantifiable at 0.44 mg/L (Table 

3-1) which likely plays a role in such a significantly less DBP formation observed.  
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Figure 3-3: Quantified DBPs after chlorination of secondary wastewater effluents 

(Effluent/HOCl), microfiltration (UF/HOCl), and reverse osmosis (UF/RO/HOCl). DBPs 

are plotted A) by chemical classes, B) individually stacked by sample, and C) individually. 

Error bars represent the standard deviation of three replicate extractions.  
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3.3.3 Summer 2019: DBP Formation Potential with Monochloramine  

 DBP formation potential with chloramines produced HANs, I-THMs, HNMs, and 

HKTs, as noted in Figure 3-4A. Unlike chlorination, HKTs was the largest forming group 

upon chloramination. Specifically, HKTs only produced 0.37 µg/L in effluent/HOCl 

samples (Figure 3-3A), whereas 1.33 µg/L HKT formed in effluent/NH2Cl samples (Figure 

3-4A). Interestingly, HALDs were not formed during chloramination, however they did 

form during chlorination in effluent/HOCl samples at 1.47 µg/L (Figure 3-3A). Also, I-

THMs formed at comparable concentrations in both chlorinated and chloraminated waters 

(Figure 3-3A, Figure 3-4A).  

 Effluent/NH2Cl samples formed the second largest total DBP after UF/O3/NH2Cl. 

Specifically, 11DCP was the largest forming DBP at 1.33 µg/L in effluent/NH2Cl. The 

second largest DBP formed was DCNM at a concentration of 0.12 µg/L in effluent/NH2Cl 

waters. DCIM and BCIM also formed at concentrations ranging between 0.04-0.09 µg/L. 

 The highest DBP forming water matrix was UF/O3/NH2Cl with a total DBP of 3.31 

µg/L (Figure 3-4B). Similar to effluent/NH2Cl samples, the largest forming DBP was 

11DCP at 2.75 µg/L. The increase of HKTs is an expected finding, as ozonation has been 

shown to breakdown organic matter to lower molecular weight compounds. 86 Yang et al. 

evaluated DBPs from river water that contained high levels of treated effluent discharge 

from three wastewater treatment plants in China and found that chloramination of 

ozonated water produced HKTs, HANs, and HNMs. 86 

 Similar to the results observed during chlorination of UF/RO/HOCl effluents, 

UF/RO/NH2Cl samples produced the lowest concentration of all disinfected samples. 



53 

 

Only HAN and I-THMs were formed after chloramination. The largest forming DBP was 

DCIM at a concentration of 0.08 µg/L.    

 

Figure 3-4: Quantified DBPs after chloramination of secondary wastewater effluents 

(Effluent/NH2Cl), microfiltration (UF/NH2Cl), and reverse osmosis (UF/RO/NH2Cl). DBPs 

are plotted A) by chemical classes, B) individually stacked by sample, and C) individually. 

Error bars represent the standard deviation of three replicate extractions.  
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3.3.4 Fall 2019: DBPs in Advance Treatment of Secondary Wastewater 

Effluents 

Water samples were collected from secondary wastewater effluents treated with 

microfiltration membranes (UF) followed by ozone (UF/O3), and reverse osmosis 

(UF/RO). DBPs were quantified in all samples including CAN, DCAN, DCIM, BCIM, and 

DCNM (Figure 3-5B). DCAN and DCIM were quantified in secondary wastewater effluents 

at 14.8 and 13.3 ng/L, respectively and were subsequently reduced after UF treatment. 

In contrast, CAN and DCNM were not present in secondary effluents but were quantified 

after UF which suggests that CAN and DCNM were formed after UF.  

UF/O3 produced the highest DBP formation attributed primarily to HANs at 98.3 

ng/L followed by I-THMs (29.6 ng/L). Although DCAN is reduced to 8.28 ng/L after UF 

treatment, it is re-formed after ozone treatment to a concentration of 90.3 ng/L. Non-

halogenated and halogenated nitriles have been identified as a by-product in ozonation 

processes in drinking water. However, this is the first time DCAN formation has been 

observed from ozonation in a reuse treatment facility. The enhanced HAN formation after 

ozonation was not observed in two full-scale potable reuse facilities which might indicate 

that HAN formation could be unique to the composition of the effluent organic matter 

going through the facility in this study. 60 

After UF/RO treatment, DCAN, DCNM and DCIM levels were reduced between 

14.7-43.4% compared to UF treatment alone. Additionally, BCIM was detected at 10.3 

ng/L after UF/RO. A previous study that evaluated DBP rejection in RO membranes found 

that DCAN, DCIM and BCIM exhibited the lowest DBP rejection at steady state ranging 
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between ~40 – 50 %. 81 DBPs detected in this study also agree with a poor RO rejection 

as reported by Deoderer et al.  

 

Figure 3-5: Quantified DBPs in secondary wastewater effluents (Effluent), microfiltration 

(UF), UF-ozonation (UF/Ozone), and reverse osmosis (UF/RO). DBPs are plotted A) by 

chemical classes, and B) individually stacked by sample.  

Non-target analysis of the total organic halogen contained in water samples is 

shown in Figure 3-6. The largest organic halide was TOCl with an average of 102.4 and 

122.4 µg/L as Cl- in secondary effluent and UF samples, respectively. Ozone and RO 

treatment removed 64.3 and 86.4% of TOCl compared to UF-treated samples. However, 

TOBr and TOI concentrations were consistent (6.6-7.0 µg/L as Br- and 3.1-9.5 µg/L as I-

) in secondary effluent, UF, and UF/O3 samples. UF/RO samples had no detectable TOBr 

and TOI but TOCl was still observed after UF/RO treatment. These results suggest the 

presence of halogenated organic contaminants such as pharmaceuticals and personal 

care products that are not well removed from wastewater secondary treatment and 

advanced treatment processes. 87, 88 
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Figure 3-6: Total organic halogen obtained from water samples without disinfection. 

TOCl, TOBr, and TOI are expressed in µg/L as Cl-, Br- and I-, respectively. Analysis were 

performed in triplicate and results are shown as the mean and standard deviation. 

3.3.5 Fall 2019: DBP Formation Potential with Chlorine  

 Water samples were chlorinated according to UFC protocol to evaluate DBP 

formation potential and precursor removal of each treatment. A total of 12 of 25 DBPs 

were detected including HANs, I-THMs, HNMs, and HALDs as shown in Figure 3-7A. 

HKTs were not observed in any of the chlorinated samples. Secondary wastewater 

effluents and UF-treated waters had the highest DBP concentrations (Figure 3-7A) in the 

order of HANs >> HNMs > HALDs > I-THMs. DBP speciation was found to be similar for 

both chlorinated samples which correlated with dissolved organic carbon and total 

nitrogen concentrations (Table 3-1). One possibility is that filtering secondary wastewater 
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effluents in the laboratory may have produced similar matrix/precursor composition to UF 

samples. Another possibility was that the UF membranes were not performing adequately 

at the time of sampling. However, ACWA quantified DOC on the same month as sampling 

and reported 8.46 and 6.76 mg/L as carbon (C) for secondary wastewater effluent and 

UF treated samples, respectively. Therefore, sample prep filtration was the most likely 

explanation for similar DBP speciation for secondary wastewater effluent and UF 

samples. DCAN was the highest DBP with 12.9 and 13.7 µg/L in secondary wastewater 

effluents and UF treated waters, respectively. BCAN was the second highest DBP at a 

concentration of 2.92 and 2.96 µg/L for secondary wastewater effluents and UF, 

respectively. Additionally, total HNM, HAL and I-THMs levels were similar in secondary 

wastewater effluents and UF treated samples. Chlorinated effluent and UF samples 

formed 0.40-0.38 µg/L HNMs, 0.36-0.37 µg/L HALs, and 0.15-0.17 µg/L I-THMs.  

UF/O3/HOCl treated samples produced less DBPs compared to UF/HOCl (Figure 

3-7A). However, total HAN (7.3 µg/L) was still the largest DBP chemical class with two 

major contributors, DCAN and BCAN that accounted for 77% (5.6 µg/L) and 18% (1.3 

µg/L) of HAN formation, respectively. In comparison, ozonated water samples produced 

42% less HANs than those quantified in UF-treated waters. These results suggest that 

ozonation is oxidizing amine precursors that lead to HAN formation. Similarly, other 

studies have also found that pre-ozonation followed by chlorination of effluent organic 

matter (EfOM) can decrease the formation of HANs with a simultaneous increase of HNM 

formation. 84-86 In our study, HNMs was the second largest DBP group with a total 

concentration of 3.8 µg/L where DCNM and BCNM accounted for 95% of the total. 

McCurry et al. proposed that ozonation can convert primary and secondary amines to 
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nitroalkanes, which can subsequently react with chlorine to form HNMs. 85 I-THMs were 

produced at significant lower levels than other DBP classes at 176.8 ng/L where DCIM 

accounted for ~90% of the total. I-THMs levels were similar to chlorinated secondary 

wastewater effluents and UF samples. Unexpectedly, HKTs and HALDs were not 

observed from UF/O3/HOCl samples which might be related to the water's EfOM 

composition. A study conducted by Yang et al. found that pre-treatment with ozonation 

followed by chlorination of wastewater-impacted river waters enhanced the formation of 

haloketone 1,1,1-trichloropropanone (111TCP) and HALDs. 86 

UF/RO/HOCl samples exhibited significantly less DBP formation compared to the 

other treatments. This could in part be due to the lower DOC concentration in the sample 

(Table 3-1). RO was able to remove >85% of DOC which led to a lower DBP formation. 

Halonitromethanes were the most significant DBPs observed for chlorinated RO samples 

with DCNM and BCNM concentrations of 189 and 157 ng/L, respectively. HANs were also 

detected with concentrations of 52.5 and 53.1 ng/L for DCAN and BCAN, respectively. I-

THMs were also observed with a total concentration of 26.3 ng/L (Figure 3-7C). 
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 Figure 3-7: Quantified DBPs after chlorination of secondary wastewater effluents 

(Effluent/HOCl), microfiltration (UF/HOCl), ozonation (UF/O3/HOCl), and reverse osmosis 

(UF/RO/HOCl). DBPs are plotted A) by chemical classes, B) individually stacked by 

sample, and C) individually. Error bars represent the standard deviation of three replicate 

extractions 
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3.3.6 Fall 2019: DBP Formation Potential with Monochloramine  

Chloramination of collected waters produced HANs, I-THMs, HNMs, and HKTs as 

shown in Figure 3-8A. HAN formation was significantly lower for chloraminated 

wastewater, UF, and UF/O3 samples (0.33-0.55 µg/L) compared to chlorination (0.1-18 

µg/L). Unlike chlorinated samples, chloramination enhanced HKT formation and HALDs 

however, HALDs were detected below their MDLs. Additionally, an increased I-THMs 

formation was observed after UF/O3 and UF/RO compared to UF treated samples.  

Secondary effluents and UF-treated waters exhibited similar DBP speciation 

trends and concentrations. 1,1-dichloropropanone (11DCP) was the highest DBP formed 

in both waters with concentrations between 0.99-1.02 µg/L (Figure 3-8C). DCAN was the 

second largest DBP for both waters ranging 0.33-0.34 µg/L. Similar trends were observed 

in Linge et al. study that detected 11DCP and DCAN in chloraminated secondary effluent 

and UF waters. 59 Other DBPs detected include DCIM, BCIM, and DCNM with 

concentrations between 0.009-0.08 µg/L (Figure 3-8C).   

UF/O3-treated waters however, produced the highest DBP levels of all samples 

when disinfected with chloramines (Figure 3-8C). These results suggest that ozonation 

increases precursors that lead to a higher DBP formation. After a 24-hour chloramination, 

ozonated waters formed a total HNM concentration of 4.25 µg/L that included 4.05 µg/L 

DCNM and 0.20 µg/L BCNM. Song et al. also observed high HNM formation when 

secondary effluents underwent chloramination and ozonation-chloramination. 89 The pre-

ozonation step resulted in a larger increase in HNMs consistent with this study. HKTs 

were the second largest forming DBP chemical class with a total concentration of 2.97 

µg/L (Figure 3-8A) composed by 11DCP and 1,1,1-Trichloropropanone  (111TCP). Total 
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HAN (0.56 µg/L) increased after UF/O3/NH2Cl compared to UF/NH2Cl treated samples 

which included DCAN and BCAN. The increased formation of HANs in pre-ozonated 

waters is unexpected, as previous studies have shown that the pre-ozonation step 

reduced HAN precursors. 71, 86, 90 However, Yang et al. showed that waters with elevated 

bromide levels displayed an increase in HAN formation in pre-ozonated waters. 86 In this 

study, the UF/ozone water sample had 39.6 µg/L bromide which may have led to the 

formation of BCAN and therefore, an increase in HAN concentration. I-THMs in 

UF/O3/NH2Cl waters produced ~4x more I-THMs compared to UF/O3/HOCl. It is well 

known that iodide in the presence of monochloramine can form HOI which can further 

react to produce I-THMs. 91, 92 However, chlorine and ozone can readily oxidize 

hypoiodous acid (HOI) to iodate, a non-toxic iodine sink, that minimizes the formation of 

I-THMs. Furthermore, I-THMs were ~22x higher in UF/O3/NH2Cl waters than UF/NH2Cl 

waters. These results indicate that iodine precursors might have been in the form of 

organic iodine (Figure 3-8A) instead of free iodide. Ozone can oxidize organic matter and 

increase I-THM precursors that subsequently react with chloramine to primarily form 

iodoform (TIM), followed by DCIM, CDIM, and BCIM. The tri-substituted TIM present in 

UF/O3/NH2Cl waters indicate that a relative high concentration of HOI oxidized organic 

matter multiple times, leading to a high TIM concentration.  

Similar to UF/RO/HOCl samples, UF/RO/NH2Cl samples formed the least amount 

of DBPs compared to other treatments because of the efficient DOC removal by RO. Of 

all DBP classes formed, I-THMs was the largest DBP class attributed to DCIM with a 

concentration of 107 ng/L as seen in Figures 3-8C. DCNM and DCAN were formed at 
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similar levels at 29.9 and 27.3 ng/L, respectively and were the only HAN and HNM 

detected in these chloraminated waters.  

Figure 3-8: Quantified DBPs after chloramination of secondary wastewater effluents 

(Effluent/NH2Cl), microfiltration (UF/NH2Cl), ozonation (UF/O3/NH2Cl), reverse osmosis 

(UF/RO/NH2Cl). DBPs are plotted A) by chemical classes, B) individually stacked by 

sample, and C) individually. Error bars represent the standard deviation of three replicate 

extractions 
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3.3.7 Winter 2020: DBPs in Advance Treatment of Secondary Wastewater 

Effluents 

 A third sampling event was conducted in the winter months where effluent, UF, 

UF/O3, and UF/RO were analyzed for DBPs. A total of 7 DBPs were quantified including 

TCAN, DCAN, CAN, BCIM, DCIM, DCNM, and 111TCP (Figure 3-9 B,C). The largest 

forming DBPs in secondary effluent were DCAN, DCIM, and 111TCP at 20.4 ng/L, 19.9 

ng/L, and 24.5 ng/L, respectively. Of these DBPs, both DCAN and DCIM were reduced 

after the UF process at 15.3 ng/L and 11.87 ng/L, respectively (Figure 3-9C). 111TCP, 

however, remained at the same concentration at 24.5 ng/L after passing through the UF 

system. All DBPs quantified in secondary effluent (CAN, DCAN, BCIM, DCIM, DCNM, 

and 111TCP) decreased or remained at the same concentration after passing through 

UF except CAN (Figure 3-9C). CAN was quantified in secondary effluent at 8.65 ng/L and 

subsequently increased to 10.63 ng/L after UF processes. 

 UF/O3 effluents produced the greatest amount of DBPs, including CAN, DCAN, 

TCAN, BCIM, DCIM, DCNM, and 111TCP. Of these DBPs, the HAN class was the highest 

forming DBP class where DCAN accounted for 85.01% of the HAN composition (Figure 

3-9A,C). Similar to secondary effluents, UF/O3 largest forming DBPs were DCAN, DCIM 

and 111TCP at 58.86 ng/L, 20.04 ng/L, and 32.74 ng/L, respectively. After UF/O3 

treatment, DCAN was the largest increase in DBP formation after UF treatment (Figure 

3-9B,C). DCAN concentration decreased after UF treatment, however, upon ozonation 

the concentration increased from 15.3 ng/L to 58.86 ng/L. It is well known that ozonation 

produces HANs, however, this sampling is consistent with the summer and fall 2019 

sampling events where both DCAN and 111TCP experienced a significant formation after 
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ozonation. This further supports the hypothesis that Calgary wastewaters contain 

precursors that lead to the formation of DCAN when undergoing advanced oxidation. 60 

Following UF/RO treatment, DCAN and 111TCP were both experienced a 100% 

reduction from the sample matrix. Interestingly, DCIM and BCIM concentration almost 

doubled in concentration from 9.7 ng/L and 11.86 ng/L to 18.98 ng/L and 24.39 ng/L, 

respectively. These results indicate that there are reactions occurring at the UF/RO that 

lead to the formation of I-THMs. Allard et al. conducted a similar study where I-THMs 

were quantified in secondary effluents and post – ultrafiltration/pre reverse osmosis 

effluents. Their results show that following the ultrafiltration step, DCIM was detectable. 

This detection further supports our hypothesis that DCIM forms along the treatment train. 

93 
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Figure 3-9: Quantified DBPs in secondary wastewater effluents (Effluent), microfiltration 

(UF), UF-ozonation (UF/Ozone), and reverse osmosis (UF/RO). DBPs are plotted A) by 

chemical classes, B) individually stacked by sample, and C) individually by sample. Error 

bars represent the standard deviation of three replicate extractions. 

TOX analysis was performed for all water samples as seen in Figure 3-10. TOCl 

was the largest halide quantified at 97.69 µg/L and 99.40 µg/L in effluent and UF samples, 

respectively. UF/O3 and UF/RO samples removed approximately 26.75 % and 94.57% of 

TOCl from UF samples, respectively. TOBr remained somewhat consistent in effluent, UF 
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and UF/O3 samples at 6.75 µg/L, 6.83 µg/L, and 4.56 µg/L, respectively. However, upon 

UF/RO filtration, TOBr was below the detection limit. 87, 88 Interestingly, October’s TOX 

analysis revealed the presence of TOI in all effluents except UF/RO. TOCl and TOBr level 

were quantified at comparable concentrations, however, February’s samples did not show 

any detected TOI.  

 

Figure 3-10: Total organic halogen obtained from water samples without 

disinfection. TOCl, and TOBr are expressed in µg/L as Cl-, and Br, respectively. Analysis 

were performed in triplicate and results are shown as the mean and standard deviation 
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3.3.8 Winter 2020: DBP Formation Potential with Chlorine 

 All water samples were chlorinating following the same UFC procedure for all 

sampling events. After 24 hr disinfection, a total of 15 of 25 DBPs were quantified. Every 

class of DBP in this method was formed after disinfection including HANs, I-THMs, HNMs, 

HKTs, and HALDs (Figure 3-11A). In comparison to summer and fall 2019 sampling 

events, this sampling event produced the largest amount of DBPs. Furthermore, 

chlorination of secondary effluent matrices in winter 2020 lead to the second largest sum 

of all DBP speciation (19.61 µg/L) compared to chlorinated samples from fall and summer 

2019 at, 17.56 µg/L, and 30.82 µg/L in effluent/HOCl, respectively.  

 Effluent/HOCl and UF/HOCl water matrices lead to almost identical DBP 

speciation. This trend in DBP formation was observed across all sampling events. It was 

hypothesized that the pre-filtering step of the effluent and UF matrix lead to almost 

identical organic composition, thereby producing similar DBP speciation results. Of all 

DBPs formed, both effluent/HOCl and UF/HOCl lead to DCAN being the largest forming 

DBP at 13.54 µg/L and 12.53 µg/L, respectively. The second largest DBP class were the 

HKTs where 111TCP accounted for 1.96 µg/L and 2.75 µg/L in effluent/HOCl and 

UF/HOCl, respectively. Interestingly, UF/HOCl waters formed approximately 0.79 µg/L 

more of 111TCP and 0.020 µg/L of 1B11DCP (Figure 3-11C). Furthermore, February 

chlorination was the only sampling event where 1B11DCP was formed in UF matrices 

upon chlorination. 

 UF/O3/HOCl treated waters in Winter 2020 produced the largest forming DBPs 

across all sampling events leading to a total sum of 34.97 µg/L of all DBPs. Specifically, 

14.29 µg/L, almost 46% was attributed to 11DCP. The second largest HKT was attributed 
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to the formation of 111TCP and 1B11DCP at concentrations of 6.70 µg/L and 0.028 µg/L, 

respectively (Figure 3-11C). A similar study found that wastewater-impacted river waters 

pre-treated with ozonation followed by chlorination increased the formation of haloketone 

1,1,1-trichloropropanone (111TCP) and HALDs. The second largest DBP was DCAN with 

a concentration of 8.63 µg/L in UF/O3/HOCl treated waters. DCAN was one of the largest 

forming DBPs across all sampling events as well as all water matrices, regardless of 

HOCl and NH2Cl being the disinfectant in use. 86 

 UF/RO/HOCl followed typical trends across all sampling events resulting in the 

lowest formation of all DBPs, regardless of disinfectant. DCAN was the largest contributor 

to the total DBP concentration accounting for 0.111 µg/L in treated RO waters.  
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Figure 3-11: Quantified DBPs after chlorination in secondary wastewater effluents 

(Effluent/HOCl), microfiltration (UF/HOCl), UF-ozonation (UF/Ozone/HOCl), and reverse 

osmosis (UF/RO/HOCl). DBPs are plotted A) by chemical classes, B) individually stacked 

by sample, and C) individually by sample. Error bars represent the standard deviation of 

three replicate extractions. 

Non – targeted TOX analysis was ran on all disinfected waters as shown in Figure 

3-12. TOCl was the largest organic halide with concentrations of 91.83 µg/L, and 86.97 
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µg/L in effluent/HOCl and UF/HOCl, respectively. After UF/O3/HOCl, TOCl dropped 67.34 

µg/L which was approximately a 22.6 % TOCl reduction. UF/RO/HOCl waters contained 

4.52 µg/L of TOCl. Reverse osmosis membranes reduce TOCl well over 99.9%. TOBr 

was also quantified in all chlorinated water matrices at 6.35 µg/L, 5.99 µg/L, 4.23 µg/L in 

Effluent/HOCl, UF/HOCl, and UF/O3/HOCl, respectively. TOBr was not detected in 

UF/RO/HOCl waters. 87, 88  

 

Figure 3-12: Total organic halogen obtained from water samples with chlorination. TOCl, 

and TOBr are expressed in µg/L as Cl-, and Br, respectively. Analysis were performed in 

triplicate and results are shown as the mean and standard deviation.  

3.3.9 Winter 2020: DBP Formation Potential with Monochloramine 

 All samples were collected and chloraminated following the same UFC protocol for 

previous sampling events. Chloraminated samples produced a total of 9 of the 25 DBPs 

validated in this method, where HANs, I-THMs, HNMS, HKTs, and HALDs all formed after 
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24 hr. HANs were the largest forming class in Effluent/NH2Cl and UF/ NH2Cl (Figure 3-

13A). UF/O3/NH2Cl treated effluents largest DBP class were the HNMs, and 

UF/RO/NH2Cl formed I-THMs as the largest DBP class after disinfection (Figure 3-13A). 

Effluent/NH2Cl and UF/NH2Cl treated effluents had almost identical DBP 

speciation. This trend was noted across all sampling events, regardless of disinfectant 

(Figure 3-4, 3-8, 3-13). HANs were the largest DBP class where DCAN accounted for 

0.228 µg/L (93.10%) and 0.256 µg/L (93.59%) in effluent/NH2Cl and UF/NH2Cl treated, 

respectively (Figure 3-13C). Primarily forming DCAN trends were also observed in a 

similar study where DBP characterization of HANs were done on treated effluents by 

Linge et al. 59 DCNM was the second largest forming DBP in Effluent/NH2Cl and 

UF/NH2Cl with concentrations of 0.044 µg/L and 0.058 µg/L, respectively. DCIM and 

BCIM speciation were also quantified in winter 2020 with concentrations ranging between 

0.021-0.032 µg/L, similar values to the fall 2019 sampling event. 

UF/O3/NH2Cl samples produced the largest concentration of all classes of DBPs. 

These results are in agreement with the previous chloraminated sampling events with 

pre-ozonation. Both summer and fall 2019 chloraminated UF/O3/NH2Cl effluents resulted 

in the largest DBP speciation. Specifically, HNMs were the largest forming DBP class for 

winter 2020 disinfection (Figure 3-13A) with a summed concentration of 1.464 µg/L. This 

trend was also observed in the October 2019 sampling event, however, the HNM class 

formed a total of 4.250 µg/L after 24 hr disinfection (Figure 3-8C). DCNM was the largest 

forming HNM in winter 2020 constituting 94.48% of the total HNM concentration (Figure 

3-12A,C). Song et al also observed increased HNM concentrations after chloramination 

of ozonated effluents. 89 The second largest DBP class were the HANs with a total 
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concentration of 0.382 µg/L as seen in Figure 3-13A. DCAN, CAN and BCAN were formed 

after chloramination where 93.59 % of the HAN concentration was attributed to DCAN 

with a concentration of 0.357 µg/L. It is unusual that HANs continue to form at relatively 

large concentrations in pre-ozonated waters as studies have shown that ozonation 

reduces HAN precursors. 71, 86, 90 However, this trend has been observed fall 2019 

sampling event, but not during the summer 2019 sampling event, indicating that there 

might be an effect of seasonality which influences the formation of HANs in UF/O3/NH2Cl 

chloraminated effluents (Figure 3-8A,C and Figure 3-13A,C). Lastly, this was the only 

sampling event that lead to detectable levels of HALDs. A total of 0.118 µg/L (100% 

HALDs) of DBCAld was formed in UF/O3/NH2Cl samples (Figure 3-13A,C). HKTs and I-

THMs also formed in UF/O3/NH2Cl treated waters with levels ranging between 0.012-

0.031 µg/L as seen in Figure 3-13A. 

UF/RO/NH2Cl treated waters produced the least amount of unregulated DBPs. The 

largest forming DBP class were the I-THMs which had a total concentration of 0.088 µg/L 

which comprised of DCIM (62.30%) and BCIM (37.70%) as seen in Figure 3-13A. These 

results are comparable to UF/RO/HOCl I-THM formation with a total concentration of 

0.062 µg/L. Similarly, DCIM was the largest forming I-THM, accounting for 51.56% and 

BCIM accounted for 48.44% (Figure 3-11A).  
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Figure 3-13: Quantified DBPs after chloramination of secondary wastewater effluents 

(Effluent/NH2Cl), microfiltration (UF/NH2Cl), ozonation (UF/O3/NH2Cl), reverse osmosis 

(UF/RO/NH2Cl). DBPs are plotted A) by chemical classes, B) individually stacked by 

sample, and C) individually. Error bars represent the standard deviation of three replicate 

extractions 
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TOX analysis was conducted to determine the TOCl, TOBr, and TOI values after 

24 hr chloramination. TOCl was the largest organohalogen in both effluent/NH2Cl and 

UF/NH2Cl at 157.38 and 161.77 µg/L, respectively. Ozonated effluents contained 140.62 

µg/L of TOCl (Figure 3-14). TOCl values increased across effluent, UF, and ozonated 

effluents after chloramination. TOI was not detected in any of the water samples before 

disinfection, however, after chloramination, TOI was detected in secondary effluent, UF, 

and ozonated waters at 1.55 µg/L, 0.52 µg/L, and 0.13 µg/L, respectively (Figure 3-14). 

The formation of TOI is likely due to the oxidation of iodide to HOI in the presence of 

monochloramine, thereby iodinating organics present in the effluents. Iodide, however, 

was undetectable across all untreated effluents. The origin of the iodide is unknown but 

may likely be present below the MDL of the TOX method.  

 

Figure 3-14: Total organic halogen obtained from water samples after chloramination. 

TOCl, TOBr, and TOI are expressed in µg/L as Cl-, Br- and I-, respectively. Analysis were 

performed in triplicate and results are shown as the mean and standard deviation. 
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3.4 Conclusions 

 This study quantified DBP formation potential with chlorination and chloramination  

across three sampling events at ACWA. Samples were obtained from the same sampling 

ports for each water matrix to obtain comparable results across each event. Results detail 

the DBP formation potential of 25 high priority DBPs in a full-scale wastewater reuse 

facility.  

 During the first sampling event in summer 2019, secondary effluent, UF/Ozone, 

and UF/RO waters were sampled and extracted for DBP analysis prior to disinfection. 

Results demonstrated that HANs and a HKT were present before disinfection. Upon HOCl 

disinfection, effluent/HOCl, and UF/O3/HOCl produced HANs as the largest DBP class 

comprising mainly of DCAN. UF/RO/HOCl produced the least amount of DBPs, where 

again, DCAN was one of the largest contributors. Chloramination of these wastewater 

effluents resulted in HKT and HNM classes being the largest contributors to the DBP 

composition in effluent/NH2Cl, and UF/O3/ NH2Cl waters. Specifically, 11DCP and DCNM 

were the largest forming DBPs in these waters. Similar to chlorination, UF/RO/NH2Cl 

formed the least amount of DBPs, however, I-THMs were the largest forming DBPs in this 

matrix. 

 The second sampling event in Fall 2019, several DBP formation trends observed 

in summer 2019 were repeated. Chlorinated recycled waters produced high levels of 

HANs (~18 µg/L) which was ~20x higher than chloraminated recycled waters. HALDs, I-

THMs and HNMs were also detected. Pre-ozonation enhanced HNM formation in 

UF/O3/HOCl waters. HANs and HNMs were the most predominant DBPs quantified in 

UF/RO/HOCl treated waters. Chloraminated recycled waters predominantly formed HKTs 
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however, when a pre-ozonation was applied (UF/O3/NH2Cl), HNMs were the largest 

forming DBP class. UF/O3/NH2Cl produced the highest DBP levels compared to other 3 

treated waters. I-THM levels increased after UF/O3/NH2Cl and UF/RO/NH2Cl treatment 

compared to UF/NH2Cl treatment alone.  

 UF/O3 had the largest concentration of DBPs present in effluents prior to 

chlorination or chloramination. Chlorinated effluents resulted in HKTs being the largest 

DBP class at ~20 µg/L followed with HANs in Effluent/HOCl, and UF/HOCl being the 

largest forming DBP class. Similar to previously observed trends, pre-ozonation 

enhanced the formation of HNMs and HANs in UF/O3/NH2Cl waters. Chlorinated and 

chloraminated UF/RO waters lead to predominantly HAN and I-THM speciation, 

respectively. The formation of I-THMs in chloraminated waters was a repeated trend 

across all sampling events for UF/RO/NH2Cl waters.  
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Chapter 4: Conclusions and Future Directions 

4.1 Conclusions 

 As climate change and population growth continue to affect freshwater sources, 

the need to obtain a sustainable drinking water alternative continues to persist. Potable 

wastewater reuse is an area in water treatment gaining momentum. The drawback of 

most approved analytical methods for DBP regulation is that they are validated for pristine 

water sources versus wastewater effluents. Moreover, many of these analytical methods 

lack trace level sensitivity to DBPs, which was accomplished in this work. Traditionally, 

the analytical methods quantitate regulated DBPs which have been shown to not be toxic 

in biologic systems. 5, 19 Therefore, one objective of this work was to develop an analytical 

method on a GC-MS/MS with trace level quantification of high priority unregulated 

disinfection by-products. GC-MS/MS parameters such as collision energies, dwell times, 

and chemical transitions were optimized to ensure low level MDLs. Trace level MDLs 

were obtained for all DBPs in this method ranging from 2.0-68.9 ng/L. Percent recoveries 

in ultra pure water and secondary effluents ranged between 31-104% and 29-83%, 

respectively. Furthermore, these optimizations enabled the full validation of this analytical 

method in wastewater effluents, which is a novel approach with a GC-MS/MS.  

Secondly, this work characterized the efficacy of precursor removal from four 

wastewater effluents. Specifically, wastewater effluent, effluent/UF, UF/O3, and UF/RO 

were disinfected with chlorine, and chloramines. Furthermore, DBP quantification was 

characterized in summer 2019, fall 2019, and winter 2020 along the same sampling ports. 

DBP quantification revealed the following results in regards to formation and 

concentration of the five DBP classes studied. 



78 

 

 HANs were the largest forming DBP class in Effluent/HOCl, UF/HOCl and 

UF/O3/HOCl samples in every sampling event when chlorinated.   

 DCAN was the largest forming HAN in in June, October and February in 

chlorinated Effluent/HOCl, UF/HOCl and UF/O3/HOCl samples.  

 Chloraminated effluents lead to the largest formation of 11DCP in all 

UF/O3/NH2Cl effluents in June, October and February sampling events. 

HNMs were also one of the largest forming class in chloraminated effluents 

with DCNM being the largest contributor.  

 UF/RO/HOCl and NH2Cl lead to the smallest formation of DBPs across all 

sampling events. Chlorination lead to primarily HAN formation, although 

HKTs and HNMs did form at trace levels in most sampling events. 

Chloramination of UF/RO effluents lead to primarily I-THM formation across 

all sampling events, however, HNMs formed as well.  

The original objectives of this project were executed, however, further investigation can 

help bridge the knowledge gap that exists regarding mechanistic processes that lead to 

DBP formation.  

4.2 Limitations 

 The work described in sections 2.3.5, and 2.3.6 is not a formal optimization, 

but rather a modification of the previously used extraction method. These 

efforts were done in order to save time and reagents while ensuring the overall 

DBP recoveries were not significantly changed.  

 A more thorough LLE optimization could be performed if analyte recovery 

was compared when all variables change at the same time. Specifically, this is 
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achieved by employing a design of experiments where a set of parameters are 

changing.  

4.3 Future Work 

4.3.1 Addition of Haloacetamides (HAMs) into DBP method 

One area of improvement for this work would be the addition of haloacetamides 

(HAMs) to the DBP quantification method. Specifically, a beneficial goal would be to add 

chloroacetamide (CAM), bromoacetamide (BAM), iodoacetamide (IAM), 

dichloroacetamide (DCAM), chloriodoacetamide (CIAM), bromoiodoacetamide (BIAM), 

diiodoacetamide (DIAM), trichloroacetamide (TAM), bromodichloroacetamide (BDCAM), 

and tribromoacetamide (TBAM) to the method. Cuthbertson et al. recently published an 

analytical method that quantifies these DBPs on a GC-MS from finished drinking water 

samples. 32 Adding these unregulated DBPs would expand the number of N-DBPs which 

are the largest forming DBPs from wastewater effluents. Furthermore, adding HAMs 

would be a huge improvement to the method as previous studies have demonstrated the 

elevated toxicity associated with this class of DBPs. 12 

4.3.2 Drinking water UFC formation potential tests  

An area that should be further studied is the quantification of finished drinking 

waters. While the aim of this work was to study the DBP composition of treated effluents, 

it would also be helpful to compare results from this study to those generated from treated 

drinking waters. Most GC-MS/MS methods for DBP quantification show that unregulated 

DBPs also exist in drinking water. Since this analytical method includes a comprehensive 

set of DBPs, it could shed more light on the unregulated DBP composition of Canadian 

drinking water quality. 31-34 



80 

 

4.3.3 Characterizing EfOM precursor structure: FT-ICR-MS 

Another area that should be further explored should be the characterization of EfOM 

with various technique including Fourier transform ion cyclotron resonance mass 

spectrometry (FT-ICR-MS) and fluorescence emission. FT-ICR-MS is option worth 

exploring due to the instrument being available at the University of Calgary. 

Furthermore, there are data scientists who are trained in complex data analysis 

associated with FT-ICR-MS. Specifically, by extracting EfOM from effluent, UF, UF/O3, 

and UF/RO before disinfection, the chemical composition of DBP precursors can be 

detected by FT-ICR-MS by observing the change in parameters of hydrogen to carbon, 

double bond equivalents to carbon, and oxygen to carbon ratios in EfOM that lead to the 

formation of priority DBPs. 94  
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