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Abstract 

 Drinking water treatment is a necessary practice for the elimination of waterborne 

disease. The study of drinking water treatment can be challenging as large portions of the 

composition of the source water used by treatment plants remains unknown. In Chapter 1, I 

review the importance of drinking water treatment, and potential challenges and concerns it 

faces. I then review current methods used for the analysis of water. While analytical methods are 

becoming well developed, a remaining challenge is in the data analysis for the identification of 

new compounds in water. I draw attention to available platforms and some limitations that 

remain. I emphasize the importance of the careful application of available data analysis programs 

and important considerations when they are developed.   

 In Chapter 2, a stable isotopic labelling, high-performance liquid chromatography 

(HPLC) – high resolution mass spectrometry (HRMS) method is applied for the analysis of 

amine containing species in source water. Previously, data analysis for this method had been 

done manually. Here, I compare the manual data analysis with a pilot program we developed, 

HDPairFinder. Two source water samples were analyzed and the various parameters to select 

peaks on considered.  I reviewed the benefits of each type of data analysis, differences between 

the pairs selected, and the possibility for further application of this program to source water 

samples.  

 In Chapter 3, I first review the final development of HDPairFinder and the merits it can 

provide to the data analysis procedure. Following the development of HDPairFinder, I applied it 

to analyze various groups of samples. Using HDPairFinder, I was able to analyze the 

composition of the samples over the course of spring runoff. Differences between sampling 
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locations, sampling years, and stage of the water disinfection process were observed. 

Additionally, I investigated the potential use of pooled samples for the ability to be used as 

quality controls in the future. Overall, the application of HDPairFinder was able to help in the 

analysis of temporal trends in amine containing compounds in source water.  

 This thesis worked to improve the complete analysis procedure for amine containing 

compounds in source water. Through the development of HDPairFinder many improvements to 

data analysis were made. These improvements included automated data processing, reduced time 

for data analysis, and additional data cleaning steps. Additionally, multiple samples can be 

processed and therefore HDPairFinder is applied to study changes over time. In the application, 

HDPairFinder helped to provide insight into the composition and changes in composition over 

the course of spring runoff. This work will help to lay a foundation for future identification of 

amine containing compounds in the future. In the identification of these compounds, we hope to 

provide insight into how to improve water treatment in the future.  
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Chapter 1 

Introduction 

  

1.1: Motivation 

 The United Nations (UN) declared that access to safe drinking water is a basic human 

need. As such, under UN sustainable goal number 6.1, it states “By 2030, achieve universal and 

equitable access to safe and affordable drinking water for all”.1 A major component of this goal is 

to provide drinking water free from microbial pathogens. The World Health Organization (WHO) 

states infectious disease from these microbial pathogens is the most common and widespread 

health concern regarding drinking water.2 In 2020, it was estimated that 74% of the world’s 

population had access to clean drinking water. However, 2 billion people globally still rely on 

water that is contaminated with microbial pathogens.2 To control pathogens in drinking water, 

cost effective water treatment is a necessity.  

 In Canada, 88% of households receive drinking water provided by water utilities that 

treat source water from rivers or lakes.3 An important area of drinking water research is the 

natural organic matter (NOM) present in this source water. During drinking water treatment, 

NOM reacts with disinfectants to form disinfection by-products (DBPs), which are potentially 

harmful to human health. Thus, DBPs require regulations to limit or remove their presence in 

drinking water. One strategy to control DBP formation is the removal of NOM prior to 

disinfection.4 However, a challenge in NOM removal is determining the removal efficiency in 

complex matrices due to lacking data regarding the composition of water. Additionally, NOM 

composition will vary depending on the environment and geological location.5 To characterize 

NOM, sensitive methods to detect trace compounds are required. Literature shows various 
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methods that have been well developed, but these methods require further improvements to the 

data analysis. Thus, it is critical that data analysis is improved for understanding NOM in source 

water. By improving data analysis, we can better understand water composition and potentially 

lead to better DBP controls. Further, we can compare how these NOM may change over time. 

1.2: Water Treatment 

1.2.1: General Water Treatment Practices 

 The practice of disinfection has virtually eliminated severe waterborne disease in 

developed countries. However, the complete disinfection of microbial pathogens is ongoing and 

requires water utilities and regulatory agencies to constantly set and monitor regulatory limits.6 

For example, Health Canada sets the minimum removal level of pathogens that must be reached 

during water treatment. Regulations state that the pathogens Giardia and Cryptosporidium must 

have a minimum of three log removal. Additionally, a common strain of E.coli, O157:H7, should 

not be detected in a 100 mL sample.7 To reach these regulations, various disinfectants like 

chlorine, chloramine, ozone, and UV disinfection are used. Another important consideration for 

pathogen inactivation is water safety throughout the distribution system. To achieve inactivation 

within the distribution system, residual disinfectant levels need to be maintained, generally at 

0.04 to 2.0 mg/L, in Canada.8,9 Thus, disinfectants help to minimize the acute risks posed by 

waterborne disease to humans. However, these disinfectants can react with NOM and form 

DBPs, which pose potential chronic risks to human health. This chronic risk can be reduced and 

controlled in numerous ways.  

 One strategy to reduce chronic risks to a persons’ health, is to minimize the formation of 

DBPs through the removal of NOM prior to disinfection. A common practice for NOM removal 

is coagulation and flocculation.4 This process encourages the binding of dirt particles, causing 
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them to settle out of the water. The settling of these particles can carry NOM, which removes 

larger or higher molecular weight NOM. One strategy for specifically removing smaller 

molecular weight NOM is the use of activated carbon.4 Activated carbon can come in various 

forms including powdered activated carbon (PAC), granular activated carbon (GAC), and 

biologically activated carbon (BAC).10–12 However, many factors, such as the pH and water 

quality, can impact the efficiency of NOM removal. Additionally, as emerging contaminants and 

water quality events occur, there are corresponding changes to the composition of NOM, which 

causes difficulties in effectively designing processes that can improve the removal efficiency. 

Therefore, it is important to understand challenges posed to water treatment facilities and their 

impacts on the composition of source water.  

1.2.2: Challenges Posed to Water Treatment Processes 

 Numerous challenges can be posed to water treatment facilities, with most challenges 

being centered around changes in NOM. For example, NOM can have increases in emerging 

contaminants like pharmaceuticals and personal care products (PPCPs).13,14 Additionally, 

persistent chemicals such as per- and polyfluoroalkyl substances (PFAS) have been increasing in 

the environment.15 Many of these emerging contaminants lack studies on the concentrations in 

the environment and their removal during the water treatment process is unknown.16 Therefore, 

the extent of the impact they may be having on DBP formation and human health is unknown.  

 Further challenges arise as sources for drinking water begin changing. One increasingly 

used source is portable water reuse, which takes wastewater, performs normal treatment, and 

then delivers the treated water to the drinking water treatment facility. The challenge with 

portable water reuse is that the composition of water has been shown to have higher 

concentrations of nitrogen-containing groups, such as urea.17,18 These nitrogen containing groups 
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can react to form different DBPs during disinfection. Another challenge of water treatment is 

global warming, which can cause increased rainfall and forest fires. Increased rainfall can 

introduce more NOM through greater runoff entering source water, whereas forest fires can 

increase particulates entering source water.19–21 These challenges cause difficulties for water 

treatment plants to completely remove changing NOM. In turn, this changes the formation of 

DBPs in drinking water. To prepare for these challenges, the ability to quickly screen and 

identify new compounds in water is required. Studies regarding the fate of NOM during water 

treatment are necessary to ensure the continued safety of drinking water.  

1.3: Disinfection By-products 

1.3.1: Formation of DBPs and Precursors 

 Various compounds from natural and anthropogenic sources make up the NOM entering 

water treatment plants. More varied NOM means a wider range of compounds acting as 

precursors to DBPs. For example, amino acids have been shown to form various DBPs, 

including haloacetonitriles (HANs) and N-chloraldamines.23,24 Additionally, pharmaceuticals 

including sulfonamide antibiotics and indole-derivative non-steroidal anti-inflammatories have 

been shown to be chlorinated during water treatment.25,26 Other studies have shown the 

formation of halobenzoquinones from common contaminants bisphenol A and 4-nonylphenol, as 

well as the common artificial sweetener aspartame.27,28 A recommended strategy for DBP control 

is the removal of precursors, or NOM, due to the lack of information and identification on DBPs 

and their formation.29 However, a challenge in effectively removing precursors is the incomplete 

understanding of the composition of source water. To both improve water treatment and the 

understanding of DBPs, increasing the knowledge regarding the composition of source water and 

potential DBP precursors is required.  
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1.3.2: DBP Risks and Regulation 

 While waterborne diseases pose an acute risk to human health, DBPs may pose a chronic 

risk. Epidemiological studies have shown a potential association between chronic exposure to 

DBPs and an increased risk of bladder cancer.30 To reduce risks, regulation of DBPs is necessary. 

In Canada, a total of 13 DBPs are regulated using maximum acceptable concentration values 

(MAC). The inorganic DBPs that are regulated include bromate (0.0 1mg/L), chlorate (1 mg/L), 

and chlorite (1 mg/L). Regulated organic DBPs include five haloacetic acids (monochloroacetic 

acid, dichloroacetic acid, trichloroacetic acid, monobromoacetic acid, and dibromoacetic acid) at 

a total concentration of 0.08 mg/L, four trihalomethanes (chloroform, bromoform, 

chlorodibromoform, and bromodichlorofom) at a total concentration of 0.1 mg/L, and N-

nitrosodimethylamine (NDMA) at 0.04 μg/L.7 The United States Environmental Protection 

Agency (USEPA) regulates DBPs in a similar way, including trihalomethanes at 0.08 mg/L, 

haloacetic acids at 0.06 mg/L, bromate at 0.01 mg/L, and chlorite at 1 mg/L.31 Additionally, the 

United States includes a contaminant candidate list (CCL-5), that contains additional DBPs that 

should be watched and potentially regulated in the future.32 The DBPs on the CCL-5 mainly 

include nitrogenous containing DBPs, including HANs, nitrosamines, and halonitromethanes 

(HNMs). Previous studies have demonstrated that currently regulated DBPs are not the toxicity 

drivers in water, while nitrogen containing DBPs including HANs, HNMs, and nitrosamines, 

have been shown to be more toxic then currently regulated DBPs.33 Thus, the unregulated and 

unknown DBPs can provide a higher risk to human health.34 However, gaps in knowledge still 

remain as many DBPs and their precursors are unknown.  
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1.3.3: Gaps in DBP Research 

  A challenge in reducing risks posed by DBPs is the diversity that exists in water 

treatment. For example, different treatment plants use different disinfectants (ex. chlorine and 

chloramine). The water entering the treatment plant also shows high degrees of variation in 

NOM depending on the location, time of year, and environmental factors.5 Variation in water 

treatment and a lack of comprehensive understanding makes it difficult to make regulations to 

control DBP formation. Therefore, ongoing development for quantification and identification of 

DBPs is required to work towards regulation. Various analytical techniques should be applied to 

be able to detect and identify new classes of compounds at low concentrations. While numerous 

analytical techniques are being developed, there is still many challenges with data analysis 

procedures. A lack of standardization in data analysis reduces the ability to overlap data 

accurately, which limits the ability to determine the unknown DBPs and precursors. Therefore, 

development of sensitive and clear methodology for big data analysis is necessary for the 

identification of unknown DBPs.  

1.4: Introduction to Analytical Instrumentation and Methodology 

 Reviews done by Yang et al. and Wawryk et al. have shown various analysis methods for 

DBPs, which could also be applied to many of their precursors.36,37 Generally, analysis methods 

for water research require three major steps. First, sample cleanup and removal of matrix effects 

is required. This step can also include concentrating the analytes of interest, as they are generally 

at low concentrations in water. In many cases, this step is solid-phase extraction (SPE), solid-

phase microextraction (SPME), or liquid-liquid extraction (LLE). The second component of 

analysis is separation of analytes. In many cases, this is done with high performance liquid 

chromatography (HPLC) or gas chromatography (GC). Finally, the last step uses detection to 
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quantify and identify analytes, in many cases with mass spectrometry (MS). Here, the focus will 

be on SPE-HPLC-MS, as this was the method of choice for analysis in this thesis.  

1.4.1: Solid Phase Extraction 

 To identify unknown DBPs and their precursors, they must first be efficiently extracted 

(concentrated) from water. Preconcentration is required, as DBPs and their precursors are 

typically present in μg/L to ng/L ranges in complex matrices. Although many different 

techniques currently exist for the extraction of small compounds from water, SPE is one of the 

most common. A variety of solvents and sorbents allows for a diverse range of functional groups 

to be efficiently extracted. These techniques are widely applied due to their well-known natures 

and wide scope of analysis. 

 SPE can cover a large range of applications including environmental analysis, industrial 

applications, and food analysis.38 The study of DBPs in water samples is an important area under 

environmental applications. In DBP analysis, SPE is favored over other methods. Compared to 

LLE, SPE can reduce toxic waste and lower the amounts of solvents required. SPE allows the 

possibility for storage of sorbents, compared to LLE where the analyte is extracted into another 

liquid. Additionally, SPE will prevent any emulsions where DBPs could be lost.39 Other methods 

such as solid phase microextraction (SPME) and dispersive liquid-liquid microextraction 

(DLLME), are newer techniques with similar mechanisms to SPE. SPME and DLLME uses 

smaller amounts of sorbent, and thus extract a smaller load compared to SPE.39 Therefore, SPME 

and DLLME should be considered for further method development in the future.  

 The basic procedure of SPE includes four simple steps, shown in Figure 1.1. These steps 

include conditioning, loading of sample, washing, and elution. Many methods will load large 

volumes of samples, in the 1-10 L range. Elution uses smaller volumes, such as 10 mL, allowing 
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for concentration of the sample. This 10 mL can then be evaporated down to even smaller 

volumes, such as 0.1 mL. This allows for thousand-fold concentration of these low abundant 

compounds. The type of interaction occurring during extraction will depend on the sorbent type, 

the solvent, and the desired analyte. For example, a reversed phase mechanism, one of the most 

common of SPE for DBP analysis, works through hydrophobic interactions. The DBP will 

interact with the surface of the solid phase, which is hydrophobic in nature, to partition through 

adsorption. Examples of common sorbent types and some current applications to DBP analysis 

are seen in Table 1.1. Following the efficient extraction of the analyte of interest, it can be 

further analyzed. 

 

 

Figure 1.1- Solid Phase Extraction Overview. Interferences are shown in red diamonds and the 

analyte of interest in yellow crosses.  
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Table 1.1- Sorbent Types and Associated DBP Classes Extracted. 

Cartridge 

(Sorbent 

Type) 

Sorbent Structure Mechanism  DBP Classes  

XAD 

Resins  

 

Non-polar 

hydrophobic 

copolymer 

Total organic 

halogens (TOX) 40 

C18   

        

n=16 

Reverse Phase 

Retention 

Brominated DBPs, 

haloacetamides, 

non-targeted 

peptides 41–43 

Oasis 

MAX  

 

Anion Exchange  Iodated DBPs, 

haloacetamides44,45 

Oasis 

MCX 

 

Cation Exchange Non-targeted amino 

compounds46 

Oasis 

HLB  

 

Hydrophilic-

Lipophilic copolymer  

Halobenzoquinones

, chlorinated amino 

acids41,47,48 
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1.4.2: High Performance Liquid Chromatography 

 Separation is a key step in water analysis because thousands of compounds may be 

detected, thus separating compounds provides better resolution and further information. 

However, due to the wide range of properties of the compounds, a wide range of separation 

techniques is required. For example, GC is compatible with volatile DBPs that are easily 

detected in the gas phase. However, when studying other non-volatile DBPs or their precursors, 

HPLC would be desirable. While both techniques have been widely applied in the past, my work 

focuses on the ability to detect water soluble DBP precursors in source water, which requires the 

use of HPLC.  

 The main mode or retention, or separation, in liquid chromatography depends on the 

analyte transferring between two phases. The stationary phase is a solid bonded phase within the 

column and can have various functional groups bonded to the surface. For example, two 

commonly used solid phases are Carbon-18 (C18) and biphenyl. The mobile phase is considered 

the carrier, which moves analytes down the length of the column, and is a combination of water 

and organic (typically methanol or acetonitrile). The retention and separation of compounds 

depends on interactions with both the mobile phase and stationary phase. Different types of each, 

as well as different combinations of mobile phase and stationary phase, lead to various modes of 

retention mechanisms and allows for the separation of various compounds. Through method 

development and optimization, efficient separation of all compounds is possible.  

 Many modes of separation are used in HPLC, including normal phase (NP), reverse 

phase (RP), and hydrophilic interaction chromatography (HILIC). The different modes of 

separation will allow for retention of different physiochemical properties depending on the 

compound of interest. Common RP columns include carbon-based chains like C18. RP is 
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commonly applied to non-polar and low polarity compounds and uses a more polar mobile 

phase. On the other hand, NP is applied for the study of polar and hydrophobic compounds. 

Common NP columns include non-bonded silica or cyano stationary phases and uses a non-polar 

mobile phase.49 HILIC is a combination of RP and NP, it uses the stationary phases of NP but 

with mobile phases of RP. Due to the unique properties of the separation, it can capture polar and 

hydrophilic analytes.50 Some examples of the various applications of different columns can be 

found in Table 1.2. As there are a wide range of columns, careful selection is required before 

application. 

 

Table 1.2- Various column and mobile phase applications to the analysis of DBPs and their 

precursors. 

Stationary Phase Compound of Interest 

C18 (RP) Pharmaceuticals14, chlorination products of antibiotics51, chlorinated 

dipeptides48 

HSS T3 (RP) Chlorination products of acetaminophen52, Pharmaceuticals14, 

Persistent mobile and very toxic compounds in water (PMTs)53 

HILIC Amino acids54, peptides and DBPs from peptides41, PMTs53 

 

1.4.3: Mass Spectrometry  

 While many techniques, such as UV-Vis, are used for the detection of organic 

compounds, one of the most widely applied for water research is mass spectrometry (MS).16,55,56 

It is generally preferred over other methods, as it allows for sensitive and accurate detection and 

quantification. When compared to other methods, it can allow for the identification of unknowns. 
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In the case of water analysis, the application of high-resolution mass spectrometry (HMRS) and 

non-targeted analysis is required as the composition of source water and many DBPs remain 

unknown. In particular, tandem mass spectrometry is an important technique for the study of 

water. This allows for the collection of MS2 spectra, which creates a fingerprint fragmentation 

pattern for the compound of interest. This information allows for improved identification of 

compounds using this technique.  

 Many types of mass spectrometers exist and can cover a wide range of applications. 

Lower resolutions instruments, such as triple quadrupoles, allow for the targeted study of a 

compound of interest. This allows for accurate detection using the specific monitoring of a mass-

to-charge ratio (m/z) of interest. Comparatively, higher resolution instruments are necessary for 

the identification of unknowns, because higher accuracy m/z is required. Additionally, many 

different ionization methods are available and have been widely applied across environmental 

research. A commonly applied ionization technique to DBP research is electrospray ionization 

(ESI). ESI is a soft ionization technique, reducing fragmentation during ionization. It also is 

compatible with HPLC as it will ionize from the incoming liquid mobile phase. Specifically, in 

our study, we use HRMS with ESI, as it can efficiently analyze organics in water in which we are 

interested. However, a challenge with HRMS is the amount of data collected.  

 HRMS has several types of data collection, which includes data-independent acquisition 

(DIA), and data-dependent acquisition (DDA). DIA will collect all MS2 spectra and can be 

helpful in looking at very low abundance compounds. However, the processing of this data can 

be difficult. In DDA, also known as information dependent acquisition (IDA), MS2 spectra will 

only be collected when the precursor mass in the MS1 spectra reaches a certain intensity 

threshold. Therefore, DDA can be useful in reducing the amount of data collected and reducing 
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the amount of data requiring processing. A recent study systematically comparing the different 

data collections showed that although DIA can lead to the identification of a higher number of 

compounds, DDA provides a convenience that eases data analysis.57 However, even with DDA 

there is still large amounts of data that require processing. Therefore, additional prioritization 

strategies are needed.  

1.4.4: Isotopic Labelling  

 When paired with MS, stable isotopic labelling is an effective technique for identification 

of a specific compound(s) from the collected data. To achieve this, stable isotopic labelling uses 

non-radioactive isotopes to look for characteristic distributions in MS data. For example, carbon-

12 and 13 (12C/13C) have been applied to metabolomics studies. Studies have used 13C labelled 

glucose to identify the metabolites from cells.58,59 In the case of water research, oxygen isotopes 

(16O/18O) have been used to study ozonation products from water disinfection.60 While methods 

such as these look at a single atom, reactions to introduce a functional group with specific 

isotopic patterns can also exist. For the study of nitrogen-containing species in source water, a 

methyl-based labelling method has been developed by our research group.46 In this method, 

formaldehyde or deuterated formaldehyde is reacted with amine-containing compounds to attach 

methyl groups on the nitrogen. Thus, the specific isotopic pattern between hydrogen and 

deuterium (H/D) would be identified in the MS data, allowing for the prioritization of amine-

containing species.  

 Many advantages of stable isotopic labelling exist. By searching the MS data for a 

specific pattern, data analysis can be improved to focus on one class of compounds of interest. 

For studying compounds through a water treatment process or metabolism, it allows for accurate 

tracking of their fate. For methyl-based labelling it has also been shown to improve extraction 
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efficiencies and therefore improve the sensitivity of the method.46  Additionally, methyl-based 

labelling of amino compounds requires the replacement of a hydrogen atom on the nitrogen. 

Thus, it provides insight into structural information by differentiating a primary and secondary 

amine based on the number of methyl groups present. However, alongside the advantages of 

stable isotopic labelling, some limitations remain. In the case of water research, certain isotopic 

labelling cannot be used. For example, 12C/13C are naturally abundant in the environment and 

therefore could not be used where carbon-containing organics are the compounds of interest. 

While the study of ozonation products has applied 16O/18O, it does not differentiate between the 

distinct types of precursors that are reacting. Therefore, a method that incorporates isotopes that 

are low abundance in the environment and increased specificity towards a class of compounds of 

interest is required. These two criteria are ones that the H/D methyl-based labelling of nitrogen-

containing species meets.  

 Prior to the application of a stable isotopic labelling method, few considerations are 

required. For example, the reaction must be paired to a sensitive detection method to differentiate 

between the isotopic pattern and random peak distribution. Therefore, an instrument with high 

sensitivity is required, generally HRMS. Additionally, the ability to separate these compounds 

and not have any loss of an isotope during ionization is required. Method development for 

application of these types of reactions needs careful testing and investigation. Another 

consideration is how to process the data to ensure the correct identification of these compounds. 

While manual searching for isotopic patterns can be done, many have turned to data analysis 

programs to assist in the data analysis procedures.  
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1.5: Big Data and Programs Available for Analysis 

1.5.1: Available Programs for Non-targeted Data Analysis  

 A significant challenge in HPLC-HRMS analysis is the processing of the collected data. 

Massive amounts are produced, and to try and process data manually can take weeks to months. 

Additional limitations arise, including not being able to create exhaustive lists of peaks, 

challenges in identifying compounds, and ability to only process a single sample at a time. 

Therefore, pursuing the use of various programs is necessary to improve overall data analysis. 

Many programs have previously been developed to improve data analysis. These programs can 

be divided into four categories: peak picking, compound identification, visualization tools, and 

full data processing.  

 Some examples of currently available data analysis programs are presented in Figure 1.2. 

Peak picking programs, such as XCMS takes raw HPLC-HRMS data files to create a list of 

peaks and can include additional data cleaning. Programs such as CFM-ID, MetFrag, and 

SIRIUS, use accurate mass and/or fragmentation patterns, to give tentative identification of a 

feature.61–63 Few programs, such as Proteowizard and MS-Dial provide peak picking and 

identification abilities.64,65 Visualization tools, including Metaboanalyst and BatMass can be 

helpful in finding important features within your data, and provide a streamlined avenue to create 

graphs and charts.66,67 Finally, some programs, such as MZmine and OpenMS have been 

designed with the purpose of start to finish processing, from raw data input to visualization.68,69  

 A program that is currently available for environmental analysis is patRoon.70,71 PatRoon 

has been developed to cover a start to finish data processing with environmental samples in 

mind. It completes peak picking and includes various filtering parameters including intensity 

thresholds, direct comparisons to blanks, and comparison of replicates. It allows for compound 
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annotation with the ability to filter based on properties. In the updated version, the program 

allows for automated transformation products. However, this program still has limitations in data 

analysis, including in-source fragmentation removal and applicability to certain isotopic patterns. 

Another option for environmental samples is to apply programs developed for proteomics, 

including some of the ones listed above. For example, visualizations with Metaboanalyst can be 

easily applied to environmental data. However, it is still important to look at further development 

of programs for environmental samples, as these are different matrices and are largely 

uncharacterized.  

 For the data analysis specific to stable isotopic labelling techniques, a few programs have 

been developed. As carbon-based labelling, using 12C/13C is common, programs such as IsoMS 

have been developed. IsoMS looks for dansyl-chloride, carbon isotopic patterns in MS data.72 It 

includes full data-processing, from peak picking, filtering, and alignment of different datasets. 

Programs such as IsoMS can help improve the prioritization of MS data. Another example is the 

processing of H/D labelling patterns. A recently developed program, Peak Pair Pruner, has been 

developed for the searching for the labelling pattern following preprocessing with MS-DIAL.73 

However, available programs such as Peak Pair Pruner that are designed for H/D labelling are 

unable to account for retention time shifts due to the deuterium isotopic effect. Therefore, novel 

programs, that can also be automated to exclude additional processing using algorithms such as 

MS-DIAL, are required.  
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Figure 1.2- Some available programs for mass spectrometry data processing. 

 

1.5.2: Benefits and Limitations with Data Analysis Programs   

 Many benefits exist from developing programs for data analysis. For example, 

automation of data analysis, which provides the ability to process more data. Additionally, using 

data analysis programs can create comprehensive lists of peaks and provide additional data 

outputs, such as spectral interpretation. If programs are used alongside an analysis method, they 

can provide consistency in how data is analyzed. A strong benefit is seen in programs that are 

open access as they provide accessible solutions for any researcher. Many new open access 

programs are available online and include feedback forms for users. By allowing contribution 

from users and continuously updating the program, it can adapt to new needs and applications. 

Open access programs also allow for a user to review the program for their use and understand 

potential limitations. However, before application of a program, it should be carefully tested for 

your method and limitations considered.  

 A remaining challenge in these programs, is false discovery rates (FDRs), which are often 

increased with the application of a program compared to manual methods. FDRs are when a 
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feature is incorrectly chosen during data analysis and does not actually exist. FDRs are 

particularly important during peak picking and in statistical analysis. For example, one study 

investigated inconsistencies in different peak picking algorithms.74 Different algorithms have 

been shown to identify different peaks using the same raw data file and different FDRs. 

However, studies of peak picking algorithms are not comprehensive as a few programs do not 

share their algorithm. Challenges can also exist in the ability to apply programs to new problems. 

As they have not been fully examined, the new application requires careful testing and proof of 

application over previous data analysis methods. Overall, with careful investigation into new 

methods before application, programs to improve data analysis can provide solutions to a 

common bottle neck point in analysis.  

 A limitation specific to environmental analysis is a lack of  databases available to spectral 

matching. Water can contain a wide range of compounds that continues growing as more are 

released into the environment. While many databases exist in other fields, a lack of a centralized 

database for water research limits the ease of searching. This can limit the ability for compound 

identification with commonly available HRMS data analysis programs. Therefore, it is important 

to look at creating databases that cover a wide range of compound classes that could capture 

environmental samples accurately.  

1.6: Objectives of Thesis 

 Nitrogen-containing compounds in source water are largely uncharacterized. To improve 

removal of organics prior to disinfection treatment, we need to characterize NOM in source 

water. This is critical to achieve high quality drinking water, by completely inactivating 

pathogens and minimizing DBPs. N-containing organic compounds in source water are 

important to this research because they can react to form N-DBPs, some of which are highly 
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toxic. To characterize N-containing organics, our research group previously developed a stable 

isotopic labelling method that selectively reacts with amino groups. However, given the huge 

amount of information generated in HPLC-HRMS analysis, identifying all possible amino 

chemicals presents a significant challenge in data processing. Combatting challenges with data 

analysis led to the study described in Chapter 2.  

Chapter 2 research objectives:  

• Apply a stable isotopic labelling method to study nitrogen-containing compounds in 

source water.  

• Develop a data processing program, HDPairFinder, to automate the identification of mass 

spectral patterns from the stable isotopic labelling method.  

• Compare the benefits and limitations of using manual data analysis compared to 

HDPairFinder.  

 The development of a program to improve data analysis would allow for the ability to 

study trends over time. A particular time of interest is spring runoff, where NOM increases in 

source water. Characterization of NOM during this time would allow for a better understanding 

of composition of the incoming source water. Thus, it would allow for a better understanding of 

DBP formation. Specifically studying N-containing organics over the course of the spring would 

provide insight into potential N-DBP changes over this time. This led to the study described in 

Chapter 3.  

Chapter 3 Research Objectives:  

• Apply HDPairFinder to characterize changes in source water collected during spring 

runoff.  

• Use data obtained from HDPairFinder to characterize source water samples.  
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• Investigate pooled samples for sample decomposition.  

 The anticipated outcomes of my research will improve the data analysis procedure for the 

detection of N-containing organic in source water. It will allow for a streamlined analysis 

workflow when compared to manual data analysis. This will improve the ability to detect trends 

in N-containing organics over the course of the spring. An improved workflow creates a strong 

foundation for identification of N-containing organics in source water will be provided. This 

study will provide an increased understanding of the composition of source water, which would 

direct water treatment processes and regulations in the future.  
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Chapter Two 

 Non-targeted Analysis of Organics in Water: Challenges of Manual Data Analysis and 

Development of a New Bioinformatic Platform 

 

2.1: Introduction  

 Water disinfection is a necessity for the prevention of infection and disease, and this 

practice has virtually eliminated severe waterborne illness in developed countries.1 However, a 

consequence of water disinfection is the formation of disinfection-byproducts (DBPs) from the 

reaction of natural organic matter (NOM) and disinfectants. Of particular concern are 

Nitrogenous DBPs (N-DBPs), which have higher toxicity than their corresponding Carbonaceous 

DBPs (C-DBPs).2,3 Several studies have shown that N-DBPs are the toxicity drivers in treated 

water, but are currently not regulated.2,4,5 Some classes of N-DBPs include haloacetonitriles 

(HANs), haloacetamides (HAMs), and halonitromethanes (HNMs). However, the majority of N-

DBPs remain unidentified, hampering exposure and risk assessments as well as future regulatory 

improvement. One approach to limit N-DBP formation is to identify their precursors present in 

source water and improve removal efficiency. By identifying precursors, we may design 

processes to efficiently remove them during water treatment. DBP precursor removal is an 

effective strategy for managing DBP formation.  

 

*Parts of Chapter 2 for the development of HDPairFinder and Figure 2.1 were published in 

Zhao, T.; Carroll, K.; Craven, C. B.; Wawryk, N. J. P.; Xing, S.; Guo, J.; Li, X.; Huan, T. 

HDPairFinder : A Data Processing Platform for Hydrogen / Deuterium Isotopic Labeling-Based 

Nontargeted Analysis of Trace-Level Amino-Containing Chemicals in Environmental Water. J. 

Environ. Sci. 2024, 136, 583–593. Reprinted with permission. Copyright 2023 Elsevier.  
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N-DBPs are formed from organic compounds that contain reactive nitrogen functional 

groups. These nitrogen containing precursors can be easily halogenated and transformed during 

water disinfection treatment (e.g. chlorination and chloramination).6–10 Additionally, nitrogen 

containing precursors can be highly abundant and come from various sources. One such example 

is amino acids. A previous study by our group analyzed individual amino acids in the North 

Saskatchewan River and showed that they could reach concentrations up to 5.5 μg/L.11 Other 

studies have shown total free amino acid concentrations as high as 26 μg/L and 30 μg/L in 

various source waters.12,13 Other examples of N-containing compounds include pharmaceuticals 

and personal care products (PPCPs), many of which can form N-DBPs.14,15 For example, studies 

have shown acetaminophen, a common pain-killer, has been detected in source water and can 

become halogenated during drinking water treatment.16,17 

 A common technique for detection and identification of precursors and DBPs is non-

target analysis using mass spectrometry (MS). Because the majority of DBPs and their 

precursors remain unidentified, non-target analysis is necessary for comprehensive 

characterization. However, non-targeted analysis of a single source water sample can detect 

thousands of chemical features.18 This creates significant challenges when we try to analyze and 

sort through data manually. To overcome this difficulty, we may apply a prioritization strategy at 

the beginning of analysis to capture a specific class of compounds. Focusing on a specific class 

of compounds such as nitrogen-containing precursors, we may achieve comprehensive 

characterization of these compounds in a sample.  

 Several different approaches currently exist for non-target data analysis. One such 

method is suspect screening, which uses a predefined list of compounds to compare to non-target 

data and looks for matches.19 While screening can prioritize data, it may be missing important 
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peaks not on the pre-defined list.20 The different data processing methods can be classified into 

either top-down or bottom-up approaches.21 Top-down methods will create a list of candidates 

based on MS1 spectra and bottom-up approaches will start with the MS2 spectra  to work 

towards a formula.21 Each approach comes with limitations. Top-down approaches lack an 

ability to prioritize data while bottom-up may be missing important features that do not have 

MS2 library matches. Additionally, different research teams vary when applying various 

approaches for processing non-targeted data. Schymanski et al. compared 17 different research 

groups on how they used analysis techniques for a single sample. Among all the groups, 

discrepancies in identification of chemical features were found, which were likely because of a 

lack of harmonization of instruments and data analysis procedures.20 With an effort to reduce 

these discrepancies, it would be helpful to develop a specific data processing procedure 

alongside a method. 

 To specifically detect nitrogen containing organics in source water, I applied a previously 

developed stable isotopic labelling method followed by high-performance liquid chromatography 

(HPLC)- high resolution mass spectrometry (HRMS) analysis. This stable isotopic labelling 

method uses two reagents, formaldehyde and deuterated formaldehyde, to methylate reactive 

amine functional groups of nitrogen-containing compounds. The isotopic pattern between 

hydrogen and deuterium is used to identify the reactive nitrogen compounds in the HRMS data.18 

However, a challenge of this method is the data analysis and identification of compounds in the 

chemical features detected using non-targeted analysis. Data processing is complex and time-

consuming. Therefore, I aimed to develop a bioinformatic program to improve the processing of 

non-targeted data of source water samples. Through the development of an automated data 

processing program, we aimed to provide comprehensive characterization of N-containing 
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compounds in source water.  By identifying N-containing precursors in source water, we can 

gain a better understanding of what precursors that may form NDBPs during disinfection.  

2.2: Experimental 

2.2.1: Chemicals and Reagents 

 Formaldehyde (CH2O, 37 wt. % in H2O, contains 10−15 % methanol as stabilizer), 

deuterated formaldehyde (CD2O, ~20 wt. % in D2O, 98 atom % D,), sodium cyanoborohydride 

(NaBH3CN, 95 %), formic acid (FA, 99 %), and nylon disk filters (0.45 μm) were obtained from 

Sigma-Aldrich (St. Louis, MO). Optima water, methanol, acetonitrile (I), ammonium hydroxide 

(30% wt.), and glass microfiber filters (1.5 μm) were purchased from Fisher Scientific (Fair 

Lawn, NJ). Oasis MCX cartridges (6 mL, 150 mg of sorbent) were obtained from Waters 

(Milford, MA). Syringe filters (0.45 μm,  PVDF) were obtained from Dikma (Markham, ON).   

2.2.2: Sample Collection and Stable Isotopic Labelling Reaction 

 Authentic source water samples were collected from the water treatment plant E.L. Smith 

(ELS), in Edmonton. Samples were collected on March 21st, 2022 and March 24th, 2022. Bottles 

were rinsed three times and samples were collected and capped with no headspace. Samples 

were filtered using 1.5 μm glass microfiber filters, followed by 0.45 μm nylon membrane filters 

and stored at 4 °C before analysis.  

 Stable isotopic labelling of the water sample was performed following the previously 

published method.18 The procedure of the stable isotopic labelling reaction is presented in Figure 

2.1. 22  Solutions of CH2O (1.8 M), CD2O (1.8 M), and NaBH3CN (0.6 M) were prepared 

separately, immediately before each reaction.  For the labelling reaction, a source water sample 

(2 L) is split into two portions of 1 L. To one part, CH2O is added to reach a final concentration 

of 3.6 mM and NaBH3CN to 1.2 mM. To the other part, the same concentrations of CD2O (3.6 
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mM) and NaBH3CN (1.2 mM) were used. The reaction was left stirring for four hours, after 

which 2 mL of formic acid was added.  

 SPE was performed using Oasis MCX cartridges on a Supelco vacuum manifold. 

Cartridges were rinsed with methanol (2 mL) followed by water (4 mL, 0.2 %  FA v/v) before 

sample loading. Samples (1 L) were passed through at a rate ~2-3 mL/min. Following the 

sample, the cartridge was rinsed with water (2 mL, 0.2 %  FA v/v), and eluted with ammonium 

hydroxide solution (10 mL, 5 % wt. in methanol) to collect the labelled compounds. Eluent was 

concentrated to 0.1 mL under nitrogen stream. Extracts of light (hydrogen) and heavy 

(deuterium) labelled samples, each ~0.1 mL, were mixed and filtered using a 0.45 μm PVDF 

syringe filter. Finally, they were analyzed using HPLC-HRMS.  

 

Figure 2.1- Overview of the Labelling Method Procedure for a Source Water Sample. 

 

2.2.3: HPLC Separation Conditions 

 Separations were performed on an Agilent 1260 Series HPLC system, with a Luna C18 

column (100 mm × 2 mm × 3 μm pore size). The injection volume was 20 μL. Mobile phases A 

and B were prepared as H2O/ ACN (95:5 v/v, 0.1 % FA) and ACN (0.1 % FA), respectively. The 

flow rate was set at 80 μL/min with a gradient elution as follows: 0 % B for 10 minutes, 0-30 % 
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B over 20 minutes, 30-90 % B over 15 minutes, hold at 90 % for 10 minutes, decrease to 0 % B 

over 0.1 min, hold at 0 % B for 4.9 minutes. The column temperature was maintained at 30 °C. 

2.2.4: High Resolution Mass Spectrometric (HRMS) Conditions 

 Analysis was complete with a quadrupole time-of-flight mass spectrometer (Sciex QTOF 

x500R). The mass spectrometer was set to positive mode with an ion spray voltage of 5500 V. 

Other conditions are as follows: source gas 1(N2, 35 arbitrary units), source gas 2 (N2, 40 

arbitrary units), curtain gas (N2, 30 arbitrary units), temperature (500 °C), declustering potential 

(DP, 100 V), and collision energy (CE, 10 V). For the full scan, mass scan ranges from 50-1000 

Da with an accumulation time of 0.25 s. For information dependent analysis (IDA), a threshold 

intensity of 1000 cps was used to trigger MS/MS collection, and a maximum of 10 candidate 

ions monitored per cycle. The MS/MS mass range scan was from 20-1000 Da. Typical 

instrument resolution is >20,000 (at full width half-height) and mass accuracy <5 ppm.  

2.2.5: Data Analysis  

 Data was collected using Sciex OS software. Peak picking was performed using the 

Analytics tool in Sciex OS. The parameters used for peak are listed in Table 2.1. Manual 

hydrogen/deuterium (H/D) feature pair picking was done using excel. Automated H/D feature 

pair picking was performed using HDPairFinder that is run using R version 4.2.1 (https://www.r-

project.org/).  

 

  

  

about:blank
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Table 2.1- Analytics Parameters Chosen for Peak Picking. 

Parameter Value 

Library Search Smart Confirmation Search, All Libraries 

Precursor Mass Tolerance ± 0.4 Da 

Collision Energy ± 5 eV 

Retention Time  NA 

Use Polarity  0.05 Intensity Threshold 

Use Collision Energy Spread 10 % minimal purity 

Minimum Retention Time 3 min 

Peak Detection Sensitivity 5/7 Exhaustive 

 

2.3: Results and Discussion 

2.3.1: Manual Data Analysis for HRMS data and Challenges 

 Non-target analysis generates large amounts of data. Studies have shown thousands of 

features, or a unique peak in the non-target data, from a single sample.23,24 Without prioritization 

strategies, picking significant features for identification is difficult.25 For example, Figures 2.2 

and 2.3 show all the labelled and unlabelled features for two different source water samples. For 

both samples, which were collected on two different dates, thousands of features are detected. To 

try and identify all these features would be challenging and time consuming. Thus, it is important 

to apply a strategy to prioritize the data. By applying the labelling reaction, I can focus on amine 

containing organic compounds. The mass difference between the hydrogen and deuterium ions 

will create specific patterns in the HRMS data. Two peaks that follow this isotopic pattern are 

identified as hydrogen/deuterium (H/D) feature pairs for a unique N-containing compound. H/D 
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feature pairs are a priority for identification as N-DBP precursors. Initially, I completed 

prioritization manually. 

 

 

Figure 2.2 - Total features detected from ELS on March 21st, 2022. Retention time vs m/z of 

unprioritized data shows a total of 3895 features. 
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Figure 2.3 - Total features detected from ELS on March 24th, 2022. Retention time vs m/z of 

unprioritized data shows a total of 4181 features. 

 Manual searching for labelled H/D feature pairs uses Sciex OS software and excel.18 An 

overview of the manual data analysis method is presented in Figure 2.4. First, a list of all the 

peaks (labelled and unlabelled) is generated using the built-in software, Analytics, in Sciex OS. 

The precursor mass and retention time columns are copied into an excel spreadsheet. The feature 

table is first sorted by increasing retention time. The precursor mass column is then copied five 

times to create six total columns (A through E). Each adjacent column is offset by one row. For 

example, the value in A2 would also be in B3, C4, D5, E6, and F7. To find the isotopic pattern 

between peaks, the precursor mass columns are subtracted from each other (i.e. A-B, A-C, A-D, 
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A-E, and A-F for each row). The absolute value of the differences is taken, and the sheet is 

filtered to look for the specific value ranges (Δm/z 2.012-2.013, 4.024-4.026, 6.036-6.039,8.048-

8.052). This creates a list of precursor mass pairs that show the isotopic labelling pattern. 

Because the feature table is sorted by increasing retention time, this method assumes that the 

retention time of these two precursor masses is similar because they are within five rows in the 

table of peaks.  When identified, these H/D feature pairs of precursor masses are copied into a 

new sheet. These H/D feature pairs could then be searched within Sciex OS software to ensure 

they have similar peak shapes and to confirm retention times. When applied to more than one 

sample, each sample needs separate analysis before manually comparing the two H/D feature 

pair lists.  

 Figure 2.5 and Figure 2.6 use March 21st and March 24th samples respectively, to show 

how prioritizing data will reduce the number of chemical features. In both cases, features are 

reduced from thousands to ~60. However, H/D feature pairs are only searched in rows in the 

dataset that are within five places of one another. Thus, any H/D feature pair outside of these 

limits is missed. Additionally, because the manual data analysis is time consuming, it is 

challenging to process large datasets. Therefore, I investigated automated data processing for 

H/D labelled non-targeted analysis data. Various programs, including patRoon, ISFrag, and 

OpenMS, can process non-target data.26–28 These programs can search isotopic patterns, such as 

Chlorine35/37 and Carbon12/13. However, they can not be applied for processing the stable isotopic 

labelling data we obtained. Automating the search for the stable isotopic labelling pattern would 

streamline the analysis workflow. Therefore, I pursued the development of a program 

specifically for the stable isotopic labelling method.  
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Step 1: Generate a list of peaks using SciexOS built-in Analytics. 
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Step 2: Copy retention time and precursor mass columns into excel spreadsheet. Copy precursor 

mass into five new columns, offsetting the row by one each time. Calculate the differences 

between the precursor mass columns for each row. 
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Step 3: Filter the mass differences between the precursor masses for the specific mass differences 

(Δm/z 2.012-2.013, 4.024-4.026, 6.036-6.039,8.048-8.052). Copy the retention time and 

precursor masses that show these specific differences to a new sheet to create a list of H/D 

feature pairs. 
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Step 4: Re-check the peak shapes and the similarity between the hydrogen and deuterium 

labelled in Sciex OS. 
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Step 5: Compare the H/D feature pairs across samples by manually comparing the values in 

Excel. 

 

Figure 2.4- Overview of Manual Data Processing Procedure for Stable Isotopic Methyl 

Labelling Analysis. 
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Figure 2.5 - H/D feature pairs (light/heavy labelled) of ELS on March 21st, 2022. Using manual 

analysis, 62 H/D feature pairs are found. 
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Figure 2.6 - H/D feature pairs (light/heavy labelled) of ELS on March 24th, 2022. Using manual 

analysis, 66 H/D feature pairs are found. 

2.3.2: Pilot HDPairFinder Development and Application  

 To overcome the difficulties associated with data processing of the methyl labelled 

features, I collaborated with Dr. Tao Huan and his team from UBC. This led to the development 

of a data analysis program, HDPairFinder. HDPairFinder automatically searches for H/D feature 

pairs in the stable isotopic labelling data. In this collaborative effort, I collected samples, carried 

out sample analysis using H/D labelling, SPE extraction, and HPLC-HRMS non-targeted 

analysis. Then I performed initial testing of the pilot program and provided feedback for 
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Tingting Zhao, the co-first author on this project, to improve the program. The initial 

development and testing are presented in this chapter, while the final development and 

application will be presented in Chapter 3.22 To test the initial performance of the program I 

analyzed the March 21st, 2022 sample. I used HDPairFinder to analyze the sample and compared 

the results to the manual data analysis procedure.  

 The first step of developing HDPairFinder is designing how to automatically select H/D 

feature pairs. To select pairs, we consider various parameters and evaluate the tolerance values. 

The first parameter is the m/z ranges for the identification of the hydrogen-deuterium isotopic 

pattern. In the pilot program, the m/z ratio ranges are Δm/z 2.012-2.013, 4.024-4.026, 6.036-

6.039, 8.048-8.052, and are associated with 1, 2, 3, and 4 methyl tags reacted respectively. These 

ranges are selected to cover potential instrument errors while still being selective to the hydrogen 

and deuterium. The next parameter to consider is the retention time differences between the H/D 

feature pair peaks. Previous studies have shown that deuterium ions can impact reverse phase 

separation. Therefore the retention time differences between the hydrogen and deuterium pair 

require careful examination.33 The initial tolerance for the retention time is set at ± 0.1 min, and 

the examination of peaks missed by this tolerance is considered later. Finally, the ratio of the two 

peak intensities needs consideration. Assuming the hydrogen and deuterium extracts are mixed at 

a 1:1 ratio, the intensity ratio should be close to 1.18 The pilot program uses the peak area ratio of 

1 with a tolerance of ± 0.2. While these parameters are considered in manual data analysis, the 

values are clearly defined for the program. 

  In the pilot form, HDPairFinder looks for peaks in a .csv file created using the Sciex OS 

software. It searches for all H/D feature pairs within a certain retention time and intensity (peak 

area) ratio tolerances (± 0.1 min/ 1 ± 0.2 respectively). Figure 2.7 shows the initial results for the 
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March 21st, 2022 sample. A total of 34 H/D feature pairs are detected compared to the 62 H/D 

feature pairs from the manual method (Figure 2.5/Figure 2.7). The retention time and intensity 

ratio tolerances are then increased to see the influence they may have on the number of H/D 

feature pairs detected. Tolerance values are adjusted from the initial ± 0.1 min/ 1 ± 0.2 (Figure 

2.7), to ± 0.1 min/ 1 ± 0.5 (Figure 2.8), ± 0.2 min/ 1 ± 0.2 (Figure 2.9), and ± 0.2 min/ 1 ± 0.5 

(Figure 2.10). Increasing the tolerance values shows the number of H/D feature pairs increase to 

close to the manual method. However, there are some differences in detected H/D feature pairs 

that requires further investigation. 

 I further investigated similarities between the peaks from the manual method and pilot 

program for the March 21st sample. Of the 62 manual peaks, 23 are detected in the pilot program 

with tolerance values of ± 0.2 min and ratio tolerance of ± 0.5. Peaks only found by the manual 

method are often explained by exceeding the retention time tolerance. On the other hand, those 

detected only by HDPairFinder are often because of limited distance between rows in the feature 

table used for the manual method. This is one of the known limitations of the manual method. 

The automated program overcomes this limit by comparing all peaks that meet the threshold 

values. Table 2.2 shows the H/D feature pairs found through the manual analysis method and 

comparison to HDPairFinder. Further addressing these differences is considered in later 

development of the program. 
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Figure 2.7 - H/D feature pairs (light/heavy labelled) of ELS on March 21st, 2022, with pilot 

program HDPairFinder. Tolerance values initially set to ± 0.2 intensity ratio, ± 0.1 min RT 

showed 34 labelled H/D feature pairs. 
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Figure 2.8 – H/D feature pairs (light/heavy) of ELS on March 21st, 2022, with pilot program 

HDPairFinder. Tolerance values initially set to ± 0.5 intensity ratio, ± 0.1 min RT showed 50 

labelled H/D feature pairs. 
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Figure 2.9 – H/D feature pairs (light/heavy labelled) of ELS on March 21st, 2022, with pilot 

program HDPairFinder. Tolerance values initially set to ± 0.2 intensity ratio, ± 0.2 min RT 

showed 45 labelled H/D feature pairs. 
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Figure 2.10 – H/D feature pairs (light/heavy labelled) of ELS on March 21st, 2022, with pilot 

program HDPairFinder. Tolerance values initially set to ± 0.5 intensity ratio, ± 0.2 min RT 

showed 66 H/D feature pairs. 
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Table 2.2 - List of features found by manual method and if they are found by the pilot 

HDPairFinder (Yes/No). This table includes the threshold values where the H/D feature pairs are 

found in both the pilot program. The threshold values include retention time (RT ± threshold in 

minutes) and intensity ratio (1 ± threshold). Reasons that pairs are not detected are listed. NA 

retention time indicates that one of the H/D feature pairs did not have a value in this specific 

sample when processed by Sciex OS. Therefore, it would have later been removed as a H/D 

feature pair. Those detected in a later version are attributed to changes in H/D feature pair 

searching algorithm. 

Retention 

Time 

Light m/z Heavy m/z In pilot 

program 

(Yes/No) 

What threshold 

(±Int/RT) 

Why different 

6.03 58.065 60.077 Y 0.5/0.1 Was found by 

program 

7.80 114.127 118.152 Y 0.2/0.1 Was found by 

program 

6.61 114.128 118.153 Y 0.2/0.1 Was found by 

program 

11.61 120.081 124.106 N N/A ± 0.3 RT 

4.98 127.14 133.177 N N/A  0.3 Intensity 

Ratio 

14.63 133.089 135.101 Y 0.5/0.1 Was found by 

program 
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6.03 146.117 148.129 Y 0.5/0.1 Was found by 

program 

11.61 148.075 152.1 N N/A ± 0.3 RT 

14.08 150.128 154.152 Y 0.2/0.1 Was found by 

program 

4.99 154.151 160.189 N N/A 0.38 Intensity 

Ratio 

4.99 156.165 160.189 Y 0.2/0.1 Was found by 

program 

7.80 160.133 164.158 Y 0.2/0.1 Was found by 

program 

8.44 164.071 168.096 Y 0.5/0.2 Was found by 

program 

6.21 164.107 168.132 Y 0.2/0.1 Was found by 

program 

6.47 172.169 174.182 N N/A 4 Intensity Ratio 

7.26 196.096 200.121 Y 0.2/0.1 Was found by 

program 

27.79 202.086 204.099 Y 0.2/0.2 Was found by 

program 

12.19 210.113 214.138 Y 0.2/0.1 Was found by 

program 

10.32 216.159 220.184 N N/A ± 1 RT 
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5.09 220.097 224.122 Y 0.5/0.1 Was found by 

program 

5.63 221.129 225.153 Y 0.2/0.1 Was found by 

program 

5.91 258.216 260.228 N N/A 2 Intensity Ratio 

10.83 259.201 261.213 N N/A NA Retention 

Time 

7.52 265.118 269.142 N N/A In later version 

10.49 265.118 269.143 N N/A In later version 

11.84 265.118 269.143 N N/A In later version 

6.39 266.193 272.231 N N/A ± 0.23 RT, 0.06 

Intensity Ratio 

5.08 267.17 275.222 N N/A In later version 

5.86 270.218 274.242 N N/A In later version 

6.62 272.231 276.256 N N/A 41 Intensity Ratio 

12.03 273.216 277.241 N N/A 50 Intensity Ratio 

27.81 273.217 277.242 N N/A ± 0.4 RT 

23.64 273.218 275.23 N N/A 20 Intensity Ratio 

5.07 274.212 276.224 Y 0.2/0.1 Was found by 

program 

19.93 279.133 285.171 N N/A In later version 

22.27 284.196 288.221 Y 0.2/0.1 Was found by 

program 
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23.96 287.232 291.257 N N/A NA Retention 

Time 

5.87 288.191 292.216 Y 0.5/0.1 Was found by 

program 

23.87 288.236 292.261 N N/A 0.44 Intensity 

Ratio  

31.25 293.186 297.211 N N/A In later version 

7.23 297.145 301.17 Y 0.2/0.1 Was found by 

program 

36.28 298.237 300.25 N N/A NA Retention 

Time 

6.91 302.244 306.27 N N/A 0.09 Intensity 

Ratio 

9.43 316.223 318.235 N N/A ± 0.46 RT 

12.98 334.176 340.214 Y 0.2/0.2 Was found by 

program 

11.46 334.196 338.222 N N/A 2.2 Intensity Ratio 

20.48 340.295 342.308 N N/A NA Retention 

Time 

5.05 342.153 346.179 N N/A NA Retention 

Time 

30.39 342.311 346.336 N N/A NA Retention 

Time 
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41.01 350.305 354.33 Y 0.2/0.1 Was found by 

program 

22.23 358.305 362.33 N N/A 20 Intensity Ratio 

33.12 362.207 368.243 Y 0.2/0.2 Was found by 

program 

22.32 372.285 376.309 N N/A NA Retention 

Time 

24.63 372.32 376.345 N N/A 0.03 Intensity 

Ratio 

5.75 374.228 376.241 Y 0.2/0.1 Was found by 

program 

17.87 384.213 388.239 N N/A NA Retention 

Time 

24.46 385.317 387.33 N N/A NA Retention 

Time 

24.59 386.301 390.326 N N/A NA Retention 

Time 

39.91 432.259 434.272 N N/A 56 Intensity Ratio 

31.52 456.308 458.32 N N/A 0.23 Intensity 

Ratio 

25.34 498.398 502.424 N N/A 0.04 Intensity 

Ratio 
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40.50 608.363 610.376 N N/A 96 Intensity 

Ratio 

 

2.3.3: Benefits and Limitation of Manual vs. HDPairFinder Data Analysis 

 While manual data analysis allows for prioritization of the H/D feature pairs, it has many 

remaining limitations. For example, manual analysis of non-target data is difficult to apply to 

large datasets as analysis is time consuming. In the stable isotopic labelling method, manual 

analysis can also miss important H/D feature pairs because the search for a pair occurs only 

within five rows on the feature table. If samples have several peaks eluted at the same retention 

time and therefore many rows, H/D feature pairs could be missed by not being in proximity. 

Another concern is the deuterium isotopic effect where retention times can shift because of 

deuterium ions.29 In the manual analysis method, this is not accounted for as H/D feature pair 

search occurs in a very tight range. Peak intensity is also not an initial consideration, so the list of 

pairs could show two peaks with significant differences. Differences in the peak intensities could 

be indicative of a false feature. Because of the limited ability to look through peaks, manual 

analysis is limiting the potential of non-target analysis. Thus, the potential benefits of automated 

programs for methyl-based labelling should be further investigated.  

 The pilot HDPairFinder program improves the detection of  H/D feature pairs relative to 

the manual method. The processing of a single sample takes only minutes with HDPairFinder 

compared to days by the manual method. In the future, this would be beneficial to running 

multiple samples. However, further optimization and development is still required to ensure 

proper peak selection. Through optimizing threshold values for parameters or using a “scoring” 
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system based on multiple parameters, feature detection could be improved. Improving feature 

detection is necessary to ensure the identification of “true” H/D feature pairs.  

 A limitation in the pilot program and manual data analysis is the choice of peak picking 

algorithm. Various algorithms have been reviewed, and differences in raw data processing can be 

seen depending on the peak picking algorithm.30 Manual data analysis still requires the use of 

Sciex OS algorithms for the initial peak picking. Specifically for Sciex OS, the algorithm is not 

named and the limitations are not completely understood. Pursuing selection of a new peak 

picking algorithm will improve the overall workflow. Consistent use of the algorithm will also 

provide a direction for standardization across research groups. By further developing 

HDPairFinder, it has a high potential for its application compared to manual analysis.  

2.4: Conclusion 

 Detection of nitrogen containing compounds is important in improving our understanding 

of the composition of organic compounds in our source water. Thus, we can improve our 

knowledge of potential DBP precursors. However, the large amount of data generated by non-

target analysis poses challenges to manual data analysis. The analysis workflow is time 

consuming, often requiring days of work for a single sample, and does not produce an exhaustive 

list of peaks. To improve this workflow, I collaborated with Dr. Tao Huan and Tinging Zhao to 

build HDPairFinder. Compared to other available programs, HDPairFinder can reliably process 

data of non-targeted analysis of methyl labelled samples. In the initial testing, the pilot 

HDPairFinder shows the potential to reduce time required for analysis. The pilot program is 

successful in detecting nitrogen containing compounds in source water. Further development and 

application of HDPairFinder will be presented in Chapter 3.   
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Chapter 3 

Application of HDPairFinder to Study Source Water Changes over Spring Runoff 

 

3.1: Introduction  

 Following the initial development of HDPairFinder in Chapter 2, I further developed the 

program with our collaborators and published the final version. In the publication, the optimized 

default values for pair picking parameters were investigated. The final program is freely 

available for download on github (https://github.com/HuanLab/HDPairFinder).1 An overview of 

the workflow of this program can be seen in Figure 3.1.1 The final version of HDPairFinder 

includes four modules: Module 1) extraction of H/D feature pairs Module 2) alignment across 

samples Module 3) gap-filling of missing values and Module 4) putative annotation.  

 Module 1 completes the extraction of Hydrogen/Deuterium (H/D) feature pairs. It can be 

further divided into three components: peak picking, H/D feature pair searching, and data 

cleaning (Figure 3.1a). First, the peak picking from raw data is completed using the well 

developed CentWave algorithm from XCMS R package.2,3 Using the list of peaks, the H/D 

feature pairs are searched using multiple criteria including peak-peak cross correlation, intensity 

ratio, and retention time tolerances between the hydrogen and deuterium labelled peaks. 

Following H/D feature pair picking, data cleaning step is implemented using a previously 

developed program, ISFrag.R, is incorporated. Data cleaning using ISFrag allows for the  

*Parts of Chapter 3 (i.e Section 3.1 and Figure 3.1) were published in Zhao, T.; Carroll, K.; 

Craven, C. B.; Wawryk, N. J. P.; Xing, S.; Guo, J.; Li, X.; Huan, T. HDPairFinder : A Data 

Processing Platform for Hydrogen / Deuterium Isotopic Labeling-Based Nontargeted Analysis of 

Trace-Level Amino-Containing Chemicals in Environmental Water. J. Environ. Sci. 2024, 136, 

583–593. Reprinted with permission. Copyright 2023 Elsevier.   

https://github.com/HuanLab/HDPairFinder
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removal of any H/D feature pairs caused by in-source fragmentation, salt adduct formation, 

and naturally occurring 13C isotopes.4 While MS parameters could be adjusted to help minimize 

in-source fragmentation and adduct formation, with electrospray ionization it will be inevitable. 

Therefore, the data cleaning is a necessary step to ensure higher quality data. Following the data 

cleaning, the list of H/D feature pairs are output in a csv file.  

 Module 2 performs alignment of all data from multiple samples. Feature alignment is 

performed using an in-house built program to merge the same feature across multiple samples 

(Figure 3.1b). This prepares an integrated feature intensity table for downstream quantitative 

comparison and statistical analysis. The alignment process is based on the m/z of H/D feature 

pairs, and the retention time of hydrogen labelled compound. The outcome of alignment is a 

feature table of all the labelled compounds and their labelled m/z, retention time, and the 

intensity of H- features in all the samples. 

 Module 3 performing gap-filling of missing values (Figure 3.1c). Missing values are 

largely presented in aligned feature intensity tables.5 Missing values can be classified into two 

kinds. The first kind is contributed from chemical compounds of low signal abundance and thus 

are not detected in the HPLC-HRMS analysis. The second kind is contributed from the poor 

performance of peak-picking algorithm that does not recognize the chromatographic peak even if 

it has a high abundance.6 A common practice of treating missing value is to replace it by a small 

value or using machine learning to make predictions. These approaches can address missing 

values of the first kind but not the second kind. In the algorithm design, HDPairFinder 

implements an evidence-based missing value imputation to retrieve missing values of the second 

kind. This algorithm uses the values of m/z and retention time to look into the raw data. If the 

chromatographic peaks of the H/D feature pair exist, they will be extracted and evaluated to 
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retrieve the missing value. The detailed quality evaluation includes three criteria: (1) the 

maximum intensity of H/D feature pair is larger than certain intensity threshold; (2) the intensity 

ratio of H/D feature pair is in a specified range; (3) The peak-peak cross correlation between the 

H/D feature pair is larger than or equal to a threshold. Only the H/D feature pairs that pass all the 

three criteria are considered missing values of the second kind and the missing value will be 

filled by the peak intensity of recovered pairs. Otherwise, the missing value will be considered as 

the first kind and be replaced by a small value in the downstream data processing. The gap filling 

results are output into a csv file.  

  Module 4 of the program assists in compound identification through putative 

annotations based on an accurate mass match (Figure 3.1d). An inhouse library (AMINES) was 

created through the combination of amine-containing compounds from available databases 

including the Human Metabolome Database (HMDB), Toxin and Toxin-Target Database 

(T3DB), MassBank of North America (MoNA) and National Institute of Standards and 

Technology (NIST). The final library contains 38,000 structure-disjoint primary and secondary 

amino compounds. The AMINES library is used for matching an accurate mass to the unlabelled 

mass from the alignment or gap-filled data. To calculate the unlabelled mass, a [M+H]+ adduct is 

assumed and the accurate mass of the methyl tags subtracted (14.0096 for hydrogen methyl tag 

and 16.0267 for deuterated methyl tag). Together, the four modules of HDPairFinder allows for 

automation of data analysis from raw data files to a final list of H/D feature pairs across multiple 

samples. 
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Figure 3.1- Workflow of HDPairFinder. A) the peak picking from the raw data, H/D feature pair 

picking, and data cleaning B) alignment across multiple samples C) gap-filling using the raw 

data D) putative annotation using accurate mass matches to unlabelled m/z.  

 

 The capabilities of HDPairFinder provide a strong starting point for in-depth 

investigation into non-targeted data. Therefore, I decided to apply the program for studying 

seasonal changes in organic compounds in source water samples. A particular interest in studying 

seasonal changes is spring runoff, where a major melting event leads to a significant influx of 

natural organic matter (NOM) entering source water.7,8 NOM can react with disinfectants during 

the treatment process to form disinfection by-products (DBPs). Therefore, as NOM increases 

during the spring, DBPs formation will increase.9,10 Epidemiological studies have observed 

potential association of DBP exposure with chronic adverse effects on human health. Thus, it is 
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important to try and minimize their formation.11 To minimize DBP formation and control an 

influx of NOM, a common water treatment practice is NOM removal before disinfectant 

addition.  

 Treatment processes to remove NOM often include coagulation and filtration, which can 

remove large molecular mass compounds in the water.12 Additional treatment can include the 

addition of powdered activated carbon (PAC), which removes a wide range of organic 

compounds including some small water-soluble molecules present in water.13,14 However, a lack 

of characterization of the NOM in incoming source limits the understanding of the effectiveness 

of the NOM removal. Therefore, comprehensive analysis of organic compounds in incoming 

source water during the spring is required.  

 While common water quality parameters including total organic nitrogen (TON), 

ammonia as nitrogen (NH3-N), and Total Kjeldahl Nitrogen (TKN) are used by water treatment 

facilities to track nitrogen in source water, do not provide information to identify compounds. 

Therefore, a method outside these common parameters is required to gain a comprehensive 

understanding of the composition of nitrogen containing NOM. Here, I use a stable isotopic 

labelling method in conjunction with data analysis using HDPairFinder to investigate how 

amine-containing compounds are changing over the course of the spring.   

3.2: Experimental  

3.2.1: Chemicals and Reagents 

 Formaldehyde (CH2O, 37 wt. % in H2O, contains 10−15% methanol as stabilizer), 

deuterated formaldehyde (CD2O, ~20 wt. % in D2O, 98 atom % D), sodium cyanoborohydride 

(NaBH3CN, 95%), formic acid (FA, 99%), and nylon disk filters (0.45 μm) were obtained from 

Sigma-Aldrich (St. Louis, MO). Optima water, methanol, acetonitrile (ACN), ammonium 
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hydroxide (30% wt.), and glass microfiber filters (1.5 μm) were purchased from Fisher Scientific 

(Fair Lawn, NJ). Oasis MCX cartridges (6 mL, 150 mg of sorbent) were obtained from Waters 

(Milford, MA). Syringe filters (0.45 μm,  PVDF) were obtained from Dikma (Markham, ON).  

Amino acids, Leucine, Isoleucine, Tyrosine, Tryptophan, Threonine, and Phenylalanine were 

purchased from Sigma-Aldrich (St. Louis, MO) 

3.2.2: Sample Collection  

 Authentic water samples were collected from two water treatment plants, E.L. Smith 

(ELS) and Rossdale (ROS), from February to May 2022. Raw water samples were collected on 

February 15, February 23, February 28, March 7, March 14, March 16, March 21, March 24, 

March 28, March 31, April 11, and May 5, 2022. In 2023, water samples were collected only 

from ELS but at two different treatment points (raw source water and clarifier effluent (ClarE)). 

Raw water is the water that is entering the treatment plant from the North Saskatchewan River, 

before any treatment steps. Clarifier Effluent (ClarE) samples are taken following primary 

treatment at the water treatment plant (WTP) which includes coagulation, flocculation, and PAC 

(when it is being used). Importantly, this sample is collected before any disinfection steps. 

Sampling dates in 2023 are as follows: February 23rd, March 2nd, March 9th, March 16th, arch 

20th, March 23rd, March 30th, April 2nd (raw only), April 5th, April 8th, April 11th, April 13th. 

Samples collected on February 3rd (raw only), February 9th, and February 23rd were used in 

pooled samples. In both years, collection bottles were rinsed three times with the water being 

collected before the sample was collected and capped with no headspace. Samples were filtered 

using 1.5 μm glass microfiber filters, followed by 0.45 μm nylon membrane filters and stored at 

4°C before analysis. The labelling reaction was complete on the water samples within three days 

of collection.   
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3.2.3: Reaction Conditions  

 A previously developed method for stable isotopic labelling was followed.15 Solutions of 

CH2O (1.8 M), CD2O (1.8 M), and NaBH3CN (0.6 M) were prepared separately before each 

reaction. For the reaction, water was split into two 1 L parts. To one part, CH2O was added to a 

final concentration of 3.6 mM and NaBH3CN to 1.2  mM. To the other part, CD2O and 

NaBH3CN were added to concentrations of 3.6 mM and 1.2 mM, respectively. The reaction was 

left stirring for four hours, after which 2 mL of formic acid was added.  

 SPE was performed using Oasis MCX cartridges on a Supelco vacuum manifold. 

Cartridges were rinsed with methanol (2 mL) followed by water (4 mL, 0.2 %  FA v/v) before 

sample loading. Samples (1 L) were passed through at a rate ~2-3 mL/min. Following the 

sample, the cartridge was rinsed with water (2 mL, 0.2 %  FA v/v), and eluted with ammonium 

hydroxide solution (10 mL, 5 % wt. in methanol). Eluent was concentrated to 0.1 mL under 

nitrogen stream. Extracts of hydrogen and deuterium labelled, each ~0.1 mL, were mixed and 

filtered using a syringe filter. Finally, they were analyzed using high performance liquid 

chromatography (HPLC) - high resolution mass spectrometry (HRMS). 

3.2.4: HPLC-HRMS Conditions 

 Separations were performed on an Agilent 1260 Series HPLC system, with a Luna C18 

column (100 mm × 2 mm × 3 μm pore size). The injection volume was 20 μL. Mobile phases A 

and B were prepared as H2O/ACN (95:5 v/v, 0.1 % FA) and ACN (0.1 % FA) respectively. The 

flow rate was set to 80 μL/min with a gradient elution as follows: 0 % B for 10 minutes, 0-30 % 

B over 20 minutes, 30-90 % B over 15 minutes, hold at 90 % for 10 minutes, decrease to 0 % B 

over 0.1 min, hold at 0 % B for 4.9 minutes. The column temperature was maintained at 30 °C. 



77 
 

 Analysis was complete with a quadrupole time-of-flight mass spectrometer (Sciex QTOF 

x500R). The mass spectrometer was set to positive mode with an ion spray voltage of 5500 V. 

Other conditions are as follows: source gas 1(N2, 35 arbitrary units), source gas 2 (N2, 40 

arbitrary units), curtain gas (N2, 30 arbitrary units), temperature (500 °C), declustering potential 

(DP, 100 V), and collision energy (CE, 10 V). For the full scan, mass scan range from 50-1000 

Da with an accumulation time of 0.25 s. For IDA analysis, a threshold intensity of 1000 cps was 

used to trigger MS/MS collection, and a maximum of 10 candidate ions monitored per cycle. The 

MS/MS mass range scan was from 20-1000 Da. 

3.2.5: Pooled Source Water Sample Tests 

 Pooled source water samples were tested in 2023 to investigate sample degradation. Two 

types of pooled samples (pooled extracts and pooled source) from both 2022 and 2023 were 

analyzed with each set of spring runoff source water samples. The first type, pooled extracts, 

combined the final labelled extract, after labelling and SPE, from multiple sample dates. 

Specifically, the 2022 pooled extracts were made by taking 80 μL from extracts stored from 2022 

sample dates and combining them into one vial. The extracts taken for the pooled sample had 

been run through the labelling procedure in 2022 and analyzed with the HPLC-HRMS method. 

The dates selected for the 2022 extracts include February 15th, March 14th, March 31st, March 

28th, April 11th,  and May 5th. The 2023 pooled extracts sample took 80 μL each of the February 3 

raw, February 9th raw, and February 9th ClarE extracts. 

 The second type of pooled sample was pooled source. These were multiple water samples 

that were first combined and then run through the entire labelling procedure. The labelling 

reaction procedure was run in batches (2 L each) and the final extracts combined into one to 

generate enough volume to continue analysis throughout the spring. For the 2022 pooled source 
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sample, 500 mL of eight stored water samples from 2022 (February 28th, March 7th, March 14th, 

March 16th, March 24th, March 28th, March 31st, and April 11th) were combined. The 2022 pooled 

sample (4 L) was spiked with six amino acids (Leucine, Isoleucine, Tyrosine, Tryptophan, 

Threonine, and Phenylalanine) to a final concentration of 100 μg/L. Following, this sample 

underwent reactive nitrogen labelling using the normal labelling procedure described in Section 

3.2.3. Because of the volume of the pooled sample, it was split in half and analyzed in two 

batches simultaneously before mixing and filtering the final extracts into one vial. Similarly, the 

2023 pooled source sample was made by collecting a large volume of sample (20 L) on one date 

(February 23rd, 2023) which underwent reactive nitrogen labelling. Again, because the volume of 

the pooled sample the sample was split into four batches, ran through the normal labelling 

procedure, and the final extracts combined and filtered into one vial.  

3.2.6: Data Analysis Parameters 

 Raw data (Sciex wiff2 files) were first converted to mzML using MSConvert (version 

3.0). The MSConvert parameters can be seen in Figure 3.2. A desktop computer (i9-10900X 

3.7GHz, 10 cores, 2x32 GB memory; Windows 10; 64-bit operating system) was used to process 

the data with HDPairFinder.R (https://github.com/HuanLab/HDPairFinder). The various 

tolerance values for HDPairFinder were left at default values and are listed in Table 3.1. The 

default values were chosen due to their effectiveness being proved during HDPairFinder 

development. The gap-filled data was used for further data analysis. For median fold change 

calculations, features with >50% of missing values were removed, replacement of the remaining 

missing values was done with 1/5th the minimum value of each H/D feature pair. Fold change 

was calculated for each H/D feature pair relative to the first sampling date (February 15th for 

https://github.com/HuanLab/HDPairFinder
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2022 and February 23rd for 2023). The median of all the features was taken for each sampling 

date.  

 

Figure 3.2- MSConvert Parameters.  
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Table 3.1- HDPairFinder Parameters. 

Parameters Value 

heavy_mz_tol 20 ppm 

rt_diff -0.2 ~ 0.1 min 

int_ratio 0.4 ~ 1.4 

cc_threshold 0.7 

run_inSourceFrag True 

align_mz_tol 50 ppm 

align_rt_tol 0.5 min 

gap_mz_tol 20 ppm 

gap_rt_tol 0.5 min 

int_threshold 1000 

anno_mz_tol                      30 ppm 

 

3.2.7: Common Water Quality Parameter Analysis and Daily Mean Temperatures 

 Common water quality parameter data was obtained from EPCOR, the drinking water 

provider in Edmonton. Total Kjeldahl Nitrogen (TKN) is the sum of ammonia nitrogen and 

organic nitrogenous compounds. It is measured by the “Standard Methods for Examination of 

Water and Wastewater, APHA, AWWA and WEF, Washington DC, Method 4500Norg D.” 

(approved in 1997, editorial revisions in 2011). It is measured in mg/L. Ammonia as Nitrogen 

(NH3-N), measures the amount of ammonia in a water sample. It is measured according to the 

“Standard Methods for Examination of Water and Wastewater, 4500 NH3 A, D” (Current 

version). It is measured in mg/L. Daily mean temperature data was obtained online from the 

Government of Canada, past weather and climate data. The data was obtained for the Edmonton 

Blachford station.16  
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3.3: Results and Discussion 

3.3.1: Application of HDPairFinder to Authentic Water Samples 

 I first applied HDPairFinder to raw water from two treatment plants, ELS and ROS. Both 

treatment plants are in Edmonton and use the North Saskatchewan River as their source. Samples 

were collected from both treatment plants on the same dates in 2022. To look at changes over 

time in the H/D feature pairs I used median fold change relative to the February 15th sample. 

Both treatment plants showed a similar trend, showing a peak on March 28th, with ROS being 

slightly higher (Figure 3.3). Differences between the two trends could be attributed to city 

runoff, as previous studies have shown that runoff from within cities contributes some organic 

compounds.17,18   

 

Figure 3.3- Median fold change for H/D feature pairs for the two water treatment plants, ELS 

and ROS, in 2022. 



82 
 

 Next, I compared samples collected over two years. Specifically, raw water samples were 

collected from ELS in both 2022 and 2023 (Figure 3.4). In 2022, there was an increase in the 

H/D feature pair intensity observed in mid to late March samples. This increase would be 

indicative of the influx of NOM occurring during the snowmelt. However, in 2023 there was no 

clear trend seen over the course of the spring. The lack of significant increase could be attributed 

to a more gradual reduction to the snowpack. In turn, this leaves less snow to contribute to the 

“big” melt in the spring and creates a milder spring runoff event. To verify the trends observed 

by the median fold change, common water quality parameters from the water treatment plant and 

daily mean temperature data from Environment Canada were obtained. 

 Two water quality parameters, TKN and NH3-N, are commonly used to measure nitrogen 

content in incoming raw water. Therefore, they would be a good comparison for the reactive 

nitrogen labelling method. In 2022, there was a significant increase in the TKN and NH3-N, 

whereas baseline levels were observed throughout the 2023 sampling period (Figure 3.5). This 

agrees with the trends observed for the reactive nitrogen compounds from the stable isotopic 

labelling method. When comparing the daily mean temperature data, a steeper increase in 

temperature in 2022 was observed compared to 2023 (Figure 3.6). In 2022, this indicates a fast 

snowpack melt, causing the sudden and large increase in the NOM. In 2023, the steep increase is 

not observed which would indicate a more gradual melt. Like the water quality parameter data, 

the daily mean temperature supports the trend observed in the stable isotopic labelling method.   
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Figure 3.4- Median fold change of H/D feature pairs for 2023 and 2022 at the ELS treatment 

plant. Fold change is relative to February 15th for 2022 and February 23rd for 2023. 
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Figure 3.5- Common water quality parameters related to nitrogen, TKN and NH3-N,  over 2022 

and 2023. 
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Figure 3.6- 2022 and 2023 daily mean temperature data over the course of sampling periods. 

Data obtained from Government of Canada, Historical Climate Data.16 

 We initially applied the HDPairFinder program to analyze non-target data of raw water 

samples. Here, I further applied this program to study the changes of N-containing compounds 

during the treatment process, specifically after the clarification step. In 2023 two types of water 

samples were collected, the first being the raw water entering the treatment plant and the second 

being the ClarE. ClarE samples were taken following primary treatment (coagulation and PAC 

when applicable) at the WTP. By tracking the changes over time, the removal of the reactive 

nitrogen compounds by primary treatment were examined. The median fold change for the 2023 

raw and ClarE samples are presented in Figure 3.7. As the water quality parameters showed for 

2023 (Figure 3.5), the composition of these samples would not be expected to be changing over 

time. The ClarE sample showed a median fold change stable around 1 for most of the sampling 

period. As this sample is taken following coagulation, it could be indicative of the consistent 
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removal of the organic compounds by this step. However, the ClarE did show a sharp drop in 

intensity on April 8th, which corresponds well to the beginning of PAC dosing at the water 

treatment plant on April 5th. As the PAC is added, a drop in the intensity is expected as the 

removal of the small organic compounds is improved. The ability to clearly recognize this trend 

shows the future applicability of this method to measure organic compounds removed during 

water treatment.  

 

Figure 3.7- Median fold change for H/D feature pairs in raw and ClarE samples in 2023. Fold 

change is relative to February 23rd sample. 

  

3.3.2: Characterization of Source Water over the Course of Spring Runoff 

 Following the application of HDPairFinder to look at overall trends, I attempted to 

broadly characterize the amine-containing organic matter present in the source water. A recent 
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study showed that disinfection by-products (DBPs) <1000 Da account for the highest toxicity 

risk posed by DBPs.19 To understand the formation of these DBPs during water treatment, I 

looked at the organics in this range that could be acting as DBP precursors. I divided the <1000 

Da mass range further to identify what may be the most significant contributor to changes over 

spring runoff. To do this, I chose to split the H/D feature pairs into three range; unlabelled m/z 

ratios of <250 which captures mainly amino acids, 250-500 which includes many dipeptides, and 

500-1000 which would include polypeptides. Other small nitrogen-containing organic 

compounds would be expected to be found in all the ranges.  

 First, I looked at the median fold change for the unlabelled m/z of <250 across the two 

sampling years. In this range a large spike was observed in 2022 and a small spike in 2023 

(Figure 3.8). Previous studies have shown small water-soluble compounds, likely in this mass 

range, increase before the large influx of the remaining NOM.7,8 Specifically, amino acids are 

found in this range and have been shown in studies done by our group to increase during the 

spring in the North Saskatchewan River.20 Interestingly, the spike in this specific mass range can 

be seen during spring runoff in both 2022 and 2023. As this mass range was shown to have small 

increases before the large increase of organic matter, it could indicate that compounds in this 

range could be used as indicators for the start of a spring runoff event. This supports previous 

studies done by our group predicting amino acids to be a marker of spring runoff. 20 However, it 

did not account for the largest changes seen during the spring.   
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Figure 3.8- 2022 and 2023 ELS median fold change for H/D feature pairs with an unlabelled m/z 

ratio of  <250. Fold change is relative to February 15th for 2022 and February 23rd for 2023. 

 

 Next, I looked at the median fold change for the unlabelled m/z of 250-500 range. In 

2022 clear spikes could be seen in the middle of spring whereas 2023 showed little change 

(Figure 3.9). In 2022, the median fold change for this range and water quality parameters 

showed a similar trend. Both can be seen to start increasing around March 20th and start returning 

to baseline around March 30th (Figure 3.9/Figure 3.5). Therefore, this could suggest that this 

range is making up significant portion of the amine-containing NOM in spring runoff events 

where increases in the water quality parameters are observed. Additionally, this trend agreed with 

the increase of temperatures in 2022, indicating that the melting event would be the contributor 
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of this mass range (Figure 3.9/Figure 3.6). However, there was still the larger mass range that 

required consideration.  

 Next, I looked at the unlabelled m/z range of 500-1000. In both 2022 and 2023 this 

region only contained only a few H/D feature pairs but had the highest median fold change value 

(Figure 3.10). In both years, the features with an unlabelled m/z greater than did not follow the 

same trend as the other mass ranges. Additionally, it did not follow a similar trend to the water 

quality parameters or the daily mean temperature data. By identification of these compounds, it 

could allow for better explanations of why the difference in patterns and higher median fold 

change are occurring when compared to the other ranges. For example, the possibility of their 

degradation before entering the water treatment plant. Therefore, the identification of the 

compounds isotopically labelled in this mass range should be a priority to identify in the future.  

 When comparing all the different unlabelled mass ranges, the overall trends followed the 

closest to m/z of 250-500 range (Figure 3.4/3.9). Additionally, the similarity in trend to the water 

quality parameters highlights the impact that this range could be having on the water treatment 

plant. One possible explanation for this trend is dipeptides and organic compounds in this region 

could be higher in abundance. As this region seems to be having a significant impact and showed 

clear differences between the two years, future investigation into the identity of these compounds 

would be warranted. This could provide insight into if there are unique compounds changing in 

2022, or if they are the same and just changing to a higher degree. As the changes in the 

incoming source water during spring runoff had been identified, the next step was to see the fate 

of these different mass ranges during water treatment.  
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Figure 3.9- 2022 and 2023 ELS median fold change for H/D feature pairs with an unlabelled m/z 

ratio of  250-500. Fold change is relative to February 15th for 2022 and February 23rd for 2023. 
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Figure 3.10- 2022 and 2023 ELS median fold change relative for H/D feature pairs with an 

unlabelled m/z ratio of  >500. Fold change is relative to February 15th for 2022 and February 23rd 

for 2023. 

 

 To look at how primary water treatment steps are removing the nitrogen containing 

organics, I compared the different mass ranges for the raw and ClarE samples in 2023. The 

unlabelled m/z range of <250 was seen to change more in the ClarE compared to the raw sample. 

In the ClarE sample, a spike can be seen followed by a significant drop (Figure 3.11c). This 

small portion will increase in the spring, as they are expected to enter source water with the 

snowmelt. The increase is then observed until the PAC addition, beginning on April 5th. 

Therefore, it could be predicted that these compounds are not removed well during the 

coagulation steps and therefore PAC addition during the spring is required for their removal. 
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When looking at the 500-1000 range various spikes in both the raw and ClarE were observed 

(Figure 3.1a). With a spike observed in the ClarE, we can predict that these compounds are not 

entirely removed during coagulation. Investigation into the identify of these compounds could 

provide insight into why the large fold change observed. The overall trend in median fold change 

followed the closest to the 250-500 range (Figure 3.11b/d). For the 250-500 range the median 

fold change for the ClarE sample remained constant until the addition of PAC. This indicates that 

the coagulation would consistently remove this range, however, PAC allows for additional 

removal. Further application of this method could lead to identification compounds that are 

making it through these initial water treatment steps and could be forming DBPs. Although these 

mass ranges can provide insight into the potential groups of compounds of interest, further 

information on the structure of these compounds was investigated.  
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Figure 3.11- Median fold change relative to February 23rd sample for raw and ClarE samples for 

different mass ranges A) H/D feature pairs with unlabelled m/z ratio of >500 B) H/D feature 

pairs with unlabelled m/z ratio of 250-500 C) H/D feature pairs with unlabelled m/z ratio of <250 

D) total median fold change for the combination of all mass ranges. 

 

 Another way I attempted to characterize the water it by looking at the number of methyl 

groups, or tags, that reacted during the stable isotopic labelling reaction. The number of methyl 

groups can be determined from the mass difference used to detect the H/D feature pair in the data 

analysis. This can characterize what type of amine is reacting, as shown in Figure 3.12. For all 

sample types and locations, the 1 and 2 tags made up the most significant portion (Figure 3.13). 

These groups are generally associated with the smaller amino acids and peptides which allows 
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shows that these small peptides are the most significant portion being captured by this method.15 

Overall, the combination of different mass ranges and number of tags highlights the importance 

of the small amino containing compounds for their contributions during spring runoff.   

 

 

Figure 3.12- Number of methyl groups (tags), added to different types of amines. 
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Figure 3.13- Number of methyl-labelled tags attached to each H/D feature pair for different 

groups of samples. 

 

3.3.3: Pooled Source Water Samples and Future Considerations 

 Various pooled samples were tested in 2023 for preliminary investigation of sample 

decomposition. Four types of pooled samples were used, as described in Section 3.2.5. In brief, 

the four types of pooled samples were 2023 and 2022 pooled source and 2023 and 2022 pooled 

extracts. The pooled source ran multiple labelling reactions on the same sample and combined 

them into one vial. The pooled extracts took multiple samples where the labelling method had 

been previously complete and combined small volumes of each. In each case, I compared the 

median fold change over time.  

 Overall, no clear pattern among the four pooled samples could be observed (Figure 

3.14). With no consistent trend, there is no indication that instrument response had significantly 
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changed on a particular day. When looking at each pooled sample, the 2023 pooled extracts 

showed the highest consistency across days. This sample was made by using a newly collected 

source water sample and running through the labelling method immediately. Therefore, it could 

be expected to have less degradation compared to the 2022 samples which had been stored for a 

year before the pooled analysis. However, a steep drop in intensity was observed in the 2023 

pooled source. This could be because of potential decomposition of the sample. 

  However, further analysis with better instrument response controls will be required for 

decomposition testing. For example, using a targeted method to track the methyl-labelled 

compounds over time. Another method that could be applied in the future for testing sample 

decomposition is collecting data using multiple injection volumes of the same sample. By 

collecting multiple injection volumes other available programs, such as MAFFIN, could be 

applied compare data using among analysis dates.21 Multiple injection volume data also allows 

for the determination of “true” features. However, because of the limited volume of the pooled 

samples made in 2023, this data was not collected. The pooled samples should be further 

investigated in the future with the additional data to gain a more comprehensive understanding of 

sample degradation.  
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Figure 3.14- Median fold change for H/D feature pairs in pooled source water samples ran 

alongside 2023 samples. 

 

3.4: Conclusion 

 In this chapter, HDPairFinder was applied to look for trends across different sampling 

sites, different years, and different types of water samples. The median fold change of the two 

sampling locations in Edmonton showed similar trends, with differences potentially accounted 

for by city runoff. The two different sampling years showed different trends, with 2022 showing 

a large spike in the median fold change and 2023 remaining constant. These differences between 

sampling years were confirmed using common water quality parameters and temperature data. 

Additionally, HDPairFinder was applied to study the removal of N-containing compounds in 
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ClarE samples, where primary water treatment had taken place. This data showed a drop in the 

N-containing organics following the addition of PAC. These results highlight the importance of 

PAC addition for efficient NOM removal and control of DBP formation.  

 Further application of HDPairFinder for identification of N-containing organics could be 

done in the future. In particular, the tentative identification feature provided by HDPairFinder 

could provide direction into what standards to order and test, ultimately leading to identification 

of some of compounds of interest. Following identification targeted methods could be developed 

to quantify potential compounds of interest. Further improvements could be made in the 

understanding of the decomposition of labelled extracts, as limitations remained with the pooled 

samples. Overall by improving the characterization of these source water samples we increase 

our understanding of NOM present in source water.  
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Chapter 4 

Conclusions and Future Work 

 

4.1: Conclusions 

4.1.1: Manual Data Analysis and Development of HDPairFinder  

 Application of a stable isotopic labelling method is effective in studying reactive amine-

containing compounds in source water is through the application of a stable isotopic labelling 

method.1 This method uses methyl-based labelling to look for specific isotopic patterns in high 

resolution mass spectrometry (HRMS) data. While this provides a sensitive detection method for 

amine-containing compounds, the data analysis is slow and challenging. As the specific isotopic 

patterns are searched for manually, it can be time consuming. It is also unable to fully create lists 

of exhaustive peaks and can miss compounds if retention times are slightly offset. Therefore, an 

automated program to assist in data analysis is needed.  Various programs had been previously 

developed to aid in the data analysis of HPLC-HRMS data. While programs such as OpenMS 

and MZmine have been applied in the past, they lack capabilities to identify specific isotopic 

patterns in data.2,3 Therefore, a newly developed program was required. This led to the 

development of HDPairFinder, a fully automated analysis program to identify the isotopic 

pattern associated with the methyl-based labelling procedure.4  

 HDPairFinder provides many improvements to the data analysis procedure. Processing 

time for samples is reduced and data cleaning helps to provide higher quality data. With the 

integration of alignment features, a single output table is given for peak intensity across multiple 

samples. An additional module incorporated into HDPairFinder allows for tentative identification 

of amine containing compounds based on an accurate mass match. Overall, HDPairFinder helps 
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in providing a streamlined data workflow that can aid in the identification of new nitrogen 

containing species in source water.    

4.1.2: Application of HDPairFinder to Real Samples  

 Following the development of HDPairFinder, I applied it to source water samples across 

two years. Spring runoff samples were analyzed with the goal of detecting changes in reactive 

nitrogen containing compounds over the course of spring. This analysis could provide valuable 

information regarding the influx of natural organic material occurring with the snow and ice 

melt.5 Through the study of different treatment plants, years, and types of samples we can 

improve our understanding of the characterization of incoming source water. This knowledge can 

help to direct the areas of interest for further investigation for their impact over the course of 

spring.  

 The analysis of two different sampling years showed how different spring runoff events 

may be occurring. In 2022, a spike in the reactive nitrogen containing compounds was observed, 

whereas 2023 remained constant. Common water quality parameters and daily mean 

temperatures were found to be in agreeance with the data collected using the stable isotopic 

labelling method. By having a complete peak list I was also able to analyze different mass ranges 

to help characterize the source water. Although each range showed different trends, a m/z ratio of 

250-500 seemed to have the most significant contribution to the overall trend. Through the 

application of a stable isotopic labelling method in conjunction with data analysis using 

HDPairFinder, I was able to study the spring runoff changes to amine-containing compounds in 

source water. This work could help to provide direction in targeted areas of study for water 

treatment in the future.  
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4.2: Future Work  

4.2.1: Future Application of HDPairFinder  

 In this work, I was able to apply HDPairFinder to a selection of different sample 

locations, types, and years. While this helped to provide some preliminary data, further 

application could still be done. As each spring runoff can vary, the application in future years can 

help to provide more insight into these melting events. In particular, the continued collection of 

clarifier effluent samples in years where water quality parameter changes are observed, could 

help to provide insight into how well organics are removed during water treatment. To confirm 

the changes in results, samples collected throughout the year could be analyzed. This could help 

to provide a larger picture of the seasonal variation of each of these compounds compared to just 

over the course of the spring. Additionally, the wider application of HDPairFinder could be done 

for source water samples from other geographical locations. This could help to provide insight 

into how amine containing compounds in source water change with the environment.  

 As HDPairFinder is further applied, some additional considerations towards analysis 

should be made. For example, triplicates for each sample should be run to help in later statistical 

analysis. Additionally, different quality controls to help with sample normalization should be 

carefully considered and applied. Although fold change can help to account for some of this and 

help with looking at overall trends, it is still far from ideal. Internal standards could be further 

investigated, although they are still limited as commonly used ones are deuterated. This may 

have the potential to impact the programs’ ability to detect real features so needs careful 

application before implementation. Pooled samples were run in 2023, however, sample 

degradation could be better systematically studies. Additionally, to use many normalizations 

software, it is required to either have a serial dilution through multiple injection volumes, or to 
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have multiple replicates. This was limited in 2023 due to the amounts of samples provided but 

should be considered in any future work.  

4.2.2: Confirmation of Tentative Identifications  

 The tentative identification feature of the software allows for a quick idea of what 

compounds may be present in the source water. When used in parallel with information such as 

mass to charge ratio and number of tags it can help to provide information on the potential 

identity of the compound. However, without running a standard, it still is not a definitive 

identification.6 To help with this, more standards could be run through the entire labelling 

procedure to check for identifications. Where possible, purchasing already synthesized standards 

would be helpful, however it is limited as the addition of the methyl label, especially with 

deuterium is not common. Therefore the ability to confirm the identify of a peak with high 

certainty is limited. However, by running available standards through the labelling procedure and 

matching to the non-target data, a direction for targeted methods could be identified. With the 

identification of new compounds, a more comprehensive understanding of the composition of 

source water could be gained.  

4.3: Implications of Work  

  The development and application of HDPairFinder has been able to help improve data 

analysis for the analysis of nitrogen containing compounds in source water. By improving our 

knowledge of these compounds in source water, we can help to improve water treatment in the 

future. With the recognition of compounds of significance in specific mass ranges and work 

towards specific identification, we can help direct future targeted research. By gaining this 

knowledge we can show how effective water treatment is in removing these organic compounds. 
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Additionally, in their identification we can look at the potential of these organics to form 

disinfection by-products and how to minimize their formation. 

 Specifically focussing on nitrogen containing compounds will become more important in 

the future. As global warming progresses and water reuse increases, nitrogen in drinking water 

treatment is expected to increase. This has been shown from previous studies as the use of 

potable reuse water increases nitrogen content in source water.7–9 By having a method that can 

help in analyzing these compounds, we will be able to track their potential impacts and 

understand how they are changing in the future. Overall, this work will help in ensuring the 

ongoing safety of our drinking water.  
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