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Abstract

Industrial chemicals play an important role in all facets of modern society; from
flame retardants in electronics and furniture to non-stick coatings in cookware and food
packaging. However, despite their extensive applications and many desired benefits,
chemicals are sometimes released during their lifecycle resulting in deleterious ecological
and human health effects. Industrial wastewater effluents are rich in chemical pollutants,
both known and unknown as well as legacy and emerging. In this study, a combination of
screening strategies was used to analyze industrial wastewater samples from over
10 sectors in Ontario for halogenated persistent organic pollutants (POPs). Samples were
characterized with both gas chromatographic and liquid chromatographic cyclic ion
mobility mass spectrometry (GC/LC-cIM-MS) methods.

A novel non-target screening (NTS) technique utilizing GC-cIM-MS, capable of
isolating unknown per- and polyfluoroalkyl substances (PFAS) and other halogenated
compounds based on the ratio of their mass and collision cross section (CCS) values, was
recently developed in our group. When the combined dataset from GC-cIM-MS analysis
of the wastewater samples was subjected to this novel filtering strategy, 344 potentially
brominated, chlorinated or fluorinated chemical species were identified from the ~27,000
initially present. Following the application of a previously developed script tool (R code)
and manual investigation, 44% of these ions were confirmed to be halogenated. Five
compounds belonging to frequently detected classes were identified by suspect screening
(e.g., polybrominated diphenyl ethers; PBDEs, polychlorinated biphenyls; PCBs,

organophosphate flame retardants; OPFRs and perfluorosulfonamides; PFSMs).

ii



Confirmed suspects represented a mere 14% of the halogenated ions (9% intensity)
indicating that 86-91% of the halogenated content is truly “unknown”. A more in-depth
look at these unknown ions revealed 19 suspected PFAS including 2 classes that were
detected in the environment for the first time. Targeted analyses showed that legacy
pollutants such as PBDEs, PCBs, polychlorinated naphthalenes (PCNs) and organochlorine
pesticides (OCPs) were either not detected or present at low levels.

For characterization via LC-cIM-MS, wastewater samples were extracted using a
tandem solid phase extraction (SPE) technique with weak anion exchange (WAX) and
weak cation exchange (WCX) cartridges. LC-cIM-MS experiments revealed the presence
of ~50,000 chemical species across all samples and filtering based on CCS and m/z yielded
937 likely brominated, chlorinated or fluorinated compounds. Further data reduction and
mass defect analysis led to the discovery of roughly 300 potential PFAS by NTS. Only half
of them were matched to a suspect screening database implying that the chemical identities
of several PFAS in the Ontario environment are unknown. Multiply charged ions formed
during electrospray ionization were found to be non-problematic when filtering data using
CCS and m/z. As such, this novel way of data prioritization is a promising approach for
PFAS discovery in complex samples when analyzed by LC-ESI-IM-MS.
GC-APCI-IM-MS was also found to be a complementary technique for PFAS discovery

since comparable numbers were identified using the same workflow.
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Chapter 1. Introduction

1.1. Persistent Organic Pollutants (POPs)
1.1.1. Definition

Persistent organic pollutants are defined as “organic compounds that are resistant to
environmental degradation through chemical, biological, and photolytic processes”. They
are characterized by their ability to persist in the environment for extended periods,
bioaccumulate in humans and animals, undergo long-range transport and exhibit toxicity
towards humans and the environment.! The Stockholm Convention (SC) is a global treaty
under the United Nations Environment Programme (UNEP) that was adopted in 2001 with
the goal of protecting humans and the environment from harmful chemicals by restricting
or eliminating their production and release into the environment.”> Currently, there are
31 chemicals or classes of chemicals listed in the SC most of which are polyhalogenated
compounds. They include several organochlorine pesticides (OCPs) (e.g.,
dichlorodiphenyltrichloroethane and dieldrin), chemicals produced for industrial use (e.g.,
polychlorinated biphenyls (PCBs), polybrominated diphenyl ethers (PBDEs) and some
per- and polyfluoroalkyl substances (PFAS) and those unintentionally produced
(polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs)).? Figure 1.1 illustrates

some of these examples.

Br,. Cl Cly, Cly,
M Cl, 0O
PBDEs PCDDs PCDFs PCBs

Figure 1.1. The chemical structures of some common persistent organic pollutants.



According to Annex D of the SC, for a chemical to be considered persistent it must
possess a half-life of more than 2 months in water or greater than 6 months in soil or
sediment. Fulfilling any one of these criteria in any medium satisfies the requirement.?
Since most POPs are halogenated, their persistence can be attributed to the high bond
strength of the carbon-halogen bonds.* POPs can have half-lives of several years, even
decades in different environmental media. For instance, PCB congeners have estimated
half-lives ranging from 3-38 years in soil and sediments and 0.2-27 years in water.> Due to
their lipophilic and hydrophobic character, POPs tend to preferentially bind to the lipids
of organisms rather than the aqueous medium inside cells.® They bioaccumulate in fatty
tissues where the metabolism rate is low and eventually biomagnify or become
concentrated as they move through the food chain. For the bioaccumulation criteria to be
met under the SC, the bio-concentration factor (BCF) or bio-accumulation factor (BAF) in
aquatic species for the chemical must be greater than 5,000. If neither of these are available,
the log of the octanol water partition coefficient (log Kow) will be considered and must be
greater than 5.3

As a result of their persistence, POPs undergo a phenomenon known as long-range
transport where they are distributed throughout the planet, including regions where they
have never been used. Their semi-volatile nature facilitates transport via the atmosphere’
but distribution through the aquatic environment is also possible, especially for more polar
POPs like PFAS.% A half-life greater than 2 days in air is the criterion required by the SC
for a chemical that migrates through the atmosphere.® Atmospheric half-lives on the order

of years have been noted for many POPs in the Antarctic.!® Concerning levels of the



chemical must also be found in locations far from the source of release.? Relatively high
average air concentrations of 83 to 120 and 60 to 80 pg/m?® have been measured for the
OCPs hexachlorobenzene and o-hexachlorocyclohexane in the Arctic.!! As these
substances have never been used in these polar areas, their presence there illustrates long
range transport potential (LRTP).” Atmospheric transport of POPs to the cold Arctic and
Antarctic regions usually occurs via a process called the “grasshopper effect” in which
repeated cycles of warm volatilization and cold deposition cause POPs to move away from
tropical and temperate climates to colder regions.!?> Wania and Mackay'? proposed 4
categories to describe the global atmospheric transport behavior of POPs according to their

POP mobility

Contaminants can be classified into four categories according to their mobility in the global environment based on subcooled
liquid vapor pressure, octanol—air partition coefficients, and a contaminant-specific condensation temperature.

- Relatively Relatively . i
L I
ROy low mobility high mobility S e
Global Rapid deposition Preferential Preferential Worldwide
transport and retention deposition and deposition and atmospheric
behavior close to source accumulation in accumulation in dispersion, no
mid-latitudes polar latitudes deposition
Log octanol-air . 10 8 6 *
partition coefficient (K, ) - 7
Log vapor pressure of =, 4 2 0 3
subcooled liquid (P,) a = *
Temperature of X o o o >
condensation(Tg) i =ge 0% 53
Chlorobenzenes - — 5ta6 Cl Oto4Cl
PCBs 8to 9 Cl 4to 8 Cl 1to4Cl Oto1Cl
PCDD/DFs 4to 8 Cl 2t0 4 Cl Oto1Cl —
PAHs 4+ rings 4rings 3rings 2 rings
Organochlorine ; Palychlorinated
pesticides b camphenes, DDTs, H%?élgﬁgs' T,

chlordanes

Figure 1.2. Classification of global transport behavior of POPs according to their mobility.
Reprinted with permission from Wania and Mackay.!> Copyright © 1996, American
Chemical Society.



mobility. One factor influencing this classification is vapor pressure (VP). Highly volatile
compounds with high VP (>1 Pa) do not readily condense at ambient temperatures and are
therefore classified as having high mobility with consequent worldwide atmospheric
circulation. Those with lower mobility are subject to temperature dependent deposition at
varying latitudes.!? Figure 1.2 displays the other 3 categories of mobility as well as other
factors upon which the classification is based.

The final criterion that must be met under the SC for a chemical to be considered a
POP is that it should cause adverse effects to human health or to the environment.?
Numerous POPs have been identified as endocrine disrupting chemicals meaning that they
interfere with the normal functioning of endogenous hormones.!*> They also cause
complications such as learning disabilities, birth defects, cancer, reproductive problems
and behavioral, neurological, and immune system disorders in wildlife species and
humans.® POPs can have long half-lives between 5-15 years in humans.'> Moreover, for
most POPs, the bioaccumulation in an organism increases with age.

As a result of the SC and other control efforts, there has been a worldwide decrease
in the environmental concentrations of legacy POPs.'* However, within the last 2 decades,
hundreds to thousands of chemicals that have the potential to be POPs have been identified
through in silico screening of chemical inventories. The results suggest that more than half
of these chemicals are halogenated,'® a cause for concern due to the extensive problems
already documented for legacy halogenated POPs. Initially there were 12 categories of

POPs included on the original SC list in 2001.? Since then, several additions have been



made and a continuance of this trend can be expected as research into emerging chemicals

with POP-like characteristics progresses.

1.1.2. Per- and polyfluoroalkyl substances (PFAS)

PFAS are a family of chemicals (>5000) that have been in production and use for
over half a century.!® Due to the high polarity and strength of the carbon-fluorine bonds,
PFAS possess unique physicochemical attributes such as high thermal and chemical

stability,!”

surfactant properties as well as resistance to oil and water. These desirable
properties have resulted in their widespread use in industrial and consumer products
including cosmetics, textiles, food packaging, pesticide formulations and firefighting
foams.'® However, the same characteristics that make PFAS valuable, also contribute to
their omnipresence and persistence in the environment and biota.'® The chemical structures
of some well-known classes of PFAS including perfluorocarboxylic acids (PFCAs) and
perfluorosulfonic acids (PFSAs) are illustrated in Figure 1.3. PFCAs and PFSAs belong to

a broader family called perfluoroalkyl acids (PFAAs). “Long-chain” PFAAs refer to

PFCAs containing eight or more carbons and PFSAs with six or more carbons.?
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Figure 1.3. The chemical structures of some well-known classes of PFAS.
One of the earliest detections of PFAS in human blood occurred in 1976.%!
However, it was not until 2001 that the extent of global contamination was shown for

perfluorooctane sulfonic acid (PFOS) in wildlife.”? Current evidence demonstrates the



presence of several other PFAS in the blood of humans and animals worldwide.?*> Concerns
about the potential environmental and human health impacts of certain long-chain PFAAs
have led to voluntary industrial phase-outs and various domestic, regional or international
restrictions and regulations to reduce environmental releases of these compounds.?® 2* In
particular, PFOS, perfluorooctanoic acid (PFOA) and perfluorohexane sulfonic acid
(PFHxS) (together with their salts and related compounds) were added to the SC in 2009,
2019 and 2022, respectively.?> The results obtained by Land et al.?® suggest that these
efforts have resulted in a decline or leveling off of concentrations for these chemicals in
humans. However, an increase in the concentrations of other long chain PFCAs (C9-C14)
was noted for most matrices and regions studied and was attributed to increased use of
alternative PFAS.

The persistent nature of PFAS is due to the perfluoroalkyl (CnF2n+1—) and
perfluoroether (CnF2n+1—O—CnF2om+1—) moieties that are resistant to degradation under
natural conditions. Although certain PFAS may undergo partial degradation in the
environment and biota, they will inevitably transform into end products such as
perfluoroalkyl or perfluoroalkyl(poly)ether acids, which are highly stable and persistent. '8
Due to their persistence and water solubility, PFAS can be directly transported to remote

8.26.27 Another important long-range

environments such as the Arctic by oceanic currents.
transportation pathway is the atmospheric transport of neutral and volatile PFAS such as

fluorotelomer alcohols (FTOHs), perfluorooctane sulfonamidoethanols (FOSEs) and

perfluorooctane sulfonamides (FOSAs).?*2° These airborne precursors can be degraded by



atmospheric oxidation to form PFAAs and then undergo wet and dry depositions in isolated
regions.?’

While neutral hydrophobic organic chemicals tend to accumulate in storage lipids,
PFAAs show a preference for blood and liver, as well as other tissues.’*3? Binding to
proteins such as serum albumin and liver fatty acid binding protein is thought to be an
important pathway in PFAAs bioaccumulation.>® Since PFAAs differ from typical
lipophilic POPs, traditional methods of assessing bioaccumulation potential using BCF or
Kow are either inadequate or inappropriate. For instance, the high solubility of PFOA was
linked to a faster elimination through the gills of fish resulting in a low BCF of 1.8-27.8
However, elimination from humans is slow and can take years.!® 3* Due to their
hydrophobic and lipophilic nature, direct measurement of the Kow of PFAAs is impossible
because they tend to form three immiscible layers when added to an octanol and water
mixture.”® As a result, alternative evidence must be considered to evaluate PFAAs
bioaccumulation. The bioaccumulation potential of PFOS has been inferred from field
evidence of PFOS biomagnification and trophic magnification.*® Biomagnification factors
(the concentration in an organism relative to its diet) between 10 and 4000 have been
documented for many organisms worldwide with animals at higher trophic levels
possessing higher PFOS concentrations than those at lower levels.’” Several other PFASs
have been shown to accumulate in food chains, including those in remote environments
such as the Arctic.®® Positive correlations have been observed between BCF/BAF and
fluoroalkyl chain length for PFAAs.* In addition, PFSAs were typically found to be more

bioaccumulative than PFCAs of an equivalent number of —CF> units. For emerging PFAS



F-53B (chlorinated polyfluoroalkyl ether sulfonate), BAFs higher than PFOS were
reported for amphibians and fish in Chinese freshwater ecosystems.*% 4!

Major PFAS exposure pathways for humans are directly through the consumption
of contaminated food and drinking water. Other sources of exposure include air, indoor

dust and personal care products.*?

For wildlife, point-source contamination of their
habitats, dietary sources and even maternal transfer to fetuses are possible routes of
exposure. Human epidemiological studies and research conducted in laboratories on
animals reveal that exposure to certain PFAS is correlated with numerous negative health
outcomes.>* Toxicity studies have mainly focused on PFOS, PFOA, and some other
long-chain PFA As. However, fluorotelomers, shorter chain PFAAs, as well as replacement
PFAS chemicals (such as GenX) have been the subject of recent attention.*** In laboratory
animal models, PFAS exposure has been linked to hepatotoxicity, tumor induction,
developmental toxicity, immunotoxicity, neurotoxicity and endocrine disruption.** Similar
results have been obtained in human epidemiological studies, with PFAAs exposure
(primarily PFOA and PFOS) being associated with high cholesterol, adverse reproductive
(decreased fertility), developmental (decreased fetal growth) and immunological
(decreased vaccine response) effects.6: 4647

GenX chemicals have been in use since 2009. More than a decade later and there
are still no epidemiological studies on health effects in humans.** A recent study by Arp et
al.*® has alluded to the fact that there are millions of PFAS chemicals in existence today. A

delay clearly exists between pollutant discovery and research efforts into their potential

human health impacts. Being able to efficiently detect and identify these unknown PFAS



is therefore of the utmost importance as it serves as the first step in evaluating the risk

posed to humans and the environment and hence, informing regulation.

1.2. Instrumental analysis

Gas chromatography (GC) coupled to numerous traditional detectors such as the
electron capture detector (ECD) was the technique of choice in POPs analysis for many
years.* While ECD is still used as a screening tool*® or for low cost routine detections,?
unambiguous identification is not possible and misidentification easily occurs.*’ Mass
spectrometry (MS) has been used for POPs analysis since the 1980s and has now become
the most popular detection method. It enables the differentiation of co-eluting analytes with
different masses as well as the use of the isotope dilution technique.? For the separation of
isomeric compounds (e.g., PCBs and PCDD/Fs) that have very similar or even identical

mass spectra, Reiner et al.*

notes that chromatographic separation prior to mass
spectrometric detection is crucial. GC coupled to high resolution mass spectrometry
(GC-HRMS) is becoming routine for separation and quantification of POPs in
environmental matrices due to its highly selective and sensitive nature.*” However, it is
worth noting that even GC-HRMS can fail to separate interferences from analytes or
between analytes® especially in complex matrices containing hundreds of halogenated
chemicals. Additional separation can be achieved using multidimensional chromatography
(e.g. GCXGC)’! or by an orthogonal technique such as ion mobility spectrometry.>
Liquid chromatography coupled with MS (LC-MS) has also been reported to a

smaller extent in the analysis of legacy POPs, especially PBDEs and

hexabromocyclododecane (HBCD).> #-5! On the other hand, LC-MS is the most widely



used technique for the quantitative and qualitative analysis of ionic PFAS such as PFAAs.>?
Most studies used LC coupled to tandem mass spectrometry (LC-MS-MS),>*>° but HRMS
methods have been employed as well.%*62 GC-MS is usually used for the detection of
neutral and volatile PFAS such as the FTOHs, FOSEs and FOSAs.>® For the analysis of
POPs in this thesis, both LC and GC were utilized. Chromatographic instruments were
coupled to a cyclic ion mobility-mass spectrometer (cIM-MS). A schematic of this
instrument is shown in Figure 1.4 with a discussion of the main components following in

subsequent sections.
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Figure 1.4. Schematic of the GC-APCI-cIM-MS used for instrumental analysis. For

experimental work in Chapter 3, the GC is replaced with LC, and the APCI with ESI.

Adapted with modifications from Amiri.%

1.2.1. Chromatographic separations
Chromatography is an extensively used and powerful method of separation for
analytes in complex mixtures.®* With this technique, components of a mixture are separated

due to differences in migration rates as they are carried through a fixed stationary phase
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(SP) by a mobile phase (MP). Differential migration occurs because the components are
distributed to varying degrees in each of the two phases. Since the solute molecules can
only move when they are in the MP, components that have a high distribution in the SP will
move through the column more slowly than those with lower distributions, and thus have

).84 Optimizing chromatographic separation lowers the

a longer retention time (RT
requirements for detection, thereby enhancing the quality of analysis.>°
1.2.1.1. Gas chromatography (GC)

GC is applicable to compounds that are (semi) volatile and thermally stable. The
physicochemical properties of the majority of POPs make them ideal for GC analysis.’! In
GC the MP is an inert gas (e.g., hydrogen, helium or nitrogen) while the SP is usually a
liquid adsorbed/bonded to the walls of an open tubular capillary column.®* The sample is
first vaporized and then injected onto the head of the chromatographic column. Analytes
are transported through the column by the gaseous MP and selective retardation occurs
based on the differential solubility of the analytes in the SP.>* Separation occurs largely due
to differences in the boiling point of compounds and interactions with the SP.>! Judicious
selection of SP, column dimensions, temperature program and MP flow rate are essential
to achieving optimal separation.’® For the separation of POPs, nonpolar and moderately
polar SPs are generally used.%® The SP used to perform experiments in this thesis was low
polarity and consisted of 5% diphenyl, 95% dimethylpolysiloxane. General purpose
columns such as this can be useful as an initial screen to identify potential contaminants of

concern.’! After separation in the GC column, analytes of different RTs emerge and are

quickly transported to the ionization source.
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1.2.1.2. Liquid chromatography (LC)

Compared to GC, LC enables the analysis of a wider range of contaminants with
very different polarities and chemical properties.®® LC is the method of choice for the
analysis of POPs that are non-volatile, polar, thermally labile, or ionic in nature. However,
unlike GC where the mobile phase is inert and does not interact with analyte molecules,
LC separations are more complicated due to equilibria of analytes between both the SP and
MP.>® Separations can be performed in an isocratic manner with a single solvent or solvent
mixture of constant composition or using gradient elution where two or more solvents of
differing polarities are varied in composition during the separation.®* The most commonly
used form of LC for environmental analysis is reversed phase LC employing octadecyl
(C18)-bonded silica and octyl (C8)-bonded silica SP.°! Besides traditional high
performance liquid chromatography (HPLC), ultra-high performance liquid
chromatography (UHPLC) is also widely utilized for environmental separations. With
UHPLC, sub-2um particle sizes are used resulting in narrower peaks and thus better
chromatographic resolution and increased peak capacity. Shorter run times are also
possible facilitating high-throughput analyses.®’” Several ionization techniques are
compatible with both HPLC and UHPLC including electrospray ionization (ESI),
atmospheric pressure chemical ionization (APCI) and atmospheric pressure
photoionization (APPI).>! The experiments performed in this thesis employed UHPLC

reversed phase C18 separation followed by ESI.
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1.2.2. Ionization

After compounds elute from the GC or LC column they must be ionized or
converted into gaseous analyte ions before mass spectrometric analysis can occur. There
are two categories of ionization sources: hard sources and soft sources. With hard sources
a significant amount of energy is transferred to analyte molecules leaving them in a highly
excited energy state. Upon relaxation, bonds are broken yielding many fragments and thus
providing useful structural information. On the other hand, soft sources produce little
fragmentation and thus supply important information about the molecular mass of analytes.
Electron ionization (EI) is an example of a hard ionization technique where vaporized
analyte molecules are bombarded with a beam of energetic electrons.®® It is the most
commonly used technique for the identification of POPs.>! The mass spectra of organic
pollutants generated by EI are highly reproducible and structure-diagnostic, making it
possible to identify a pollutant through spectral library searches.®” The ionization sources
used in this thesis, APCI and ESI, are both classified as soft ionization techniques. Their
suitability to POPs analysis is discussed below.
1.2.2.1. Atmospheric Pressure Chemical Ionization (APCI)

There are 2 primary mechanisms that can cause ionization in the APCI source:
charge transfer, which is favored by relatively non-polar compounds and protonation,
which occurs with more polar compounds.’ The first step of APCI involves the transport
of the GC eluent through the transfer line to the corona pin by a high flow of make-up gas,
typically nitrogen (N2) gas. In both mechanisms, ionization of the N> make-up gas due to

corona discharge leads to the creation of a plasma containing primary ions (e.g., N2™" and
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N4 in positive mode) and electrons. With charge transfer, collisions between these primary
ions and organic compounds (M) produce M"" molecular ions if the recombination energy
of the primary ions exceeds the ionization energy (IE) of M. However, if water or other
protic solvents (S) are present in the source, then they may undergo charge exchange to
form H,O™" or S*". Self-protonation can subsequently occur through the reaction: S + S
— [S — H]" + SH" resulting in the formation of H3O" or SH'. If the proton affinity of M
exceeds that of S, it can abstract a proton from SH' yielding (quasi)molecular ions
[M+H]".%

There are several advantages to using APCI in environmental analysis. When
collisional cooling happens at atmospheric pressure, fragmentation is reduced and higher
yields of (quasi)molecular ions are obtained.® Molecular formula determination for
unknown compounds hinges on (quasi)molecular ions being detected.”! Increased
quantities of these ions also result in improved detection limits, which can be critical for
the analysis of POPs present at low concentrations.’”? Another benefit of APCI is that it
enables facile coupling of GC instruments to numerous types of advanced mass
spectrometers.%® Finally, diagnostic ion-molecule reactions that would be challenging to
conduct with traditional GC-MS technology, can be easily facilitated by APCI source
conditions.® 3
1.2.2.2. Electrospray Ionization (ESI)

ESI is classified as a desorption ion source since it does not require volatilization
of analyte molecules prior to ionization. Instead, it requires the formation of ions in solution

prior to the transfer to the gas phase. ESI occurs at atmospheric pressure and can be used
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to convert liquid samples that are nonvolatile or thermally unstable directly into gaseous
ions for MS analysis.®® In an ESI source, a stainless steel capillary needle is held at a high
voltage (several kilovolts, positive or negative) relative to the walls of the surrounding
chamber. A solution containing analyte molecules, often as an LC eluant, is sprayed from
the capillary. The result is a mist of highly charged droplets having the same polarity as the
capillary voltage. A high source temperature and/or a flow of drying gas is employed to
assist with solvent evaporation. As charged droplets become smaller, their charge density
increases until the electric field strength reaches a critical point where ions at the surface
of the droplets are ejected into the gaseous phase.” It is not uncommon to observe
protonated [M+H]" and deprotonated [M-H] quasi(molecular) ions in positive and
negative mode ESI, respectively. However, for analytes that do not have acidic or basic
groups, adduct formation can be used to create ions of them. For instance, chloride adducts
have been successfully used in negative mode ESI while sodium, lithium, ammonium, or
other cationic species are often observed with ESI in the positive mode.” Negative mode
ESI is the most widely used interface for the analysis of anionic PFAS in environmental

samples.>?

1.2.3. High resolution tandem mass spectrometry (HRMS/MS)

Once ions are generated by either APCI or ESI they are transported through the
StepWave, which is an ion transfer device with a unique design that increases ion
transmission from the source to the mass analyzer while reducing the passage of the high
flow gas, excess solvent, and neutral species.’® lons are then focused by the ion guide and

sent to the first mass analyzer — the quadrupole. The cyclic ion mobility-mass spectrometer
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used in this thesis is a hybrid instrument consisting of quadrupole and time-of-flight
(Q-TOF) mass analyzers coupled to a cyclic ion mobility cell.”” Because there are two mass
analyzers, it is considered a tandem mass spectrometer (HRMS/MS). It is also an HRMS
system since the TOF mass analyzer can achieve a resolution of 100000.”” Having such a
high resolution allows the instrument to distinguish between peaks with much smaller mass
differences’! thereby reducing interferences. This is especially useful in the analysis of
complex samples such as wastewater, which may contain huge numbers of organic
contaminants and other matrix components. Another benefit of HRMS is that due to its
high mass accuracy, it permits determination of elemental composition for detected ions.
Furthermore, HRMS instruments offer high sensitivity (over a wide mass range) when
operated in full scan mode thereby allowing femtogram levels of some trace contaminants
to be determined.'®

A quadrupole mass analyzer consists of four parallel cylindrical rods that act as
electrodes. Each pair of diagonally placed rods is connected to an equal but opposite DC
voltage and a variable radio frequency (RF) AC voltage is superimposed. This produces an
electric field that moves ions forward in the space between the rods in an oscillating pattern.
The AC and DC voltages on the rod are increased simultaneously while keeping the ratio
constant to control ion trajectories within the rods. At any given point, only ions of a certain
mass to charge ratio (m/z) will have an amplitude of oscillation that allows a stable path
through the rods to the detector. All other ions will impact the rods and get neutralized.% 7*

In the TOF mass analyzer, the time taken for ions to travel a known distance,

typically 1 m, is measured. Flight times are usually on the order of microseconds. Ions are
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first accelerated by a pulsed electric field that pushes them in an orthogonal direction to
their original trajectory. Accelerated ions enter a field-free drift-tube where separation by
mass occurs as ions transit to the detector at the other end of the tube. Since all ions are
expected to have the same kinetic energy, their velocities will depend on their masses such
that lighter ions will travel faster and arrive at the detector in a shorter time than heavier
ones. The measured flight times, tr, can be used to obtain m/z values according to
Equation 1.1 where L is the distance from the source to the detector, v is the velocity, e is
the charge on an electron, m is the mass of the ion, z is the ion charge state and V is the
applied voltage.®®

L m .
tp= — = L p— (Equation 1.1)

The quadrupole can function as a mass filter transmitting only ions of a specific m/z
or in RF only mode, enabling the passage of all ions.”® In MS experiments, the quadrupole
is set to RF-only mode to provide accurate mass full scan data of all ions generated in the
ion source. In MS/MS (or MS?) experiments, the quadrupole is operated in either mass
filter mode or RF-only mode transmitting ions to a collision cell where they are bombarded
with inert gas molecules (e.g., nitrogen or argon) resulting in fragmentation of precursor
ions by a process known as collision induced dissociation (CID).®® Accurate mass
measurements of both product ions and unfragmented precursor ions are then made by the
second mass analyzer, or TOF in this case, to obtain important structural information. Both
the trap and transfer regions of the instrument (Figure 1.4) located before and after the
cyclic ion mobility cell, respectively, can act as collision cells.”” If CID is performed in the

trap, mobilities of fragments, and thus collision cross sections (CCS), can be obtained
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thereby assisting in structural elucidation.”> When CID is done in the transfer region, as is
the case for experiments in this thesis, both precursor and product ions have the same
mobilities (and CCS), which can facilitate MS/MS spectral cleaning via drift time

alignment.”

1.2.4. Cyclic Ion Mobility (cIM)

Ion mobility spectrometry (IMS) is a gas phase separation technique where ions
travel through an ion mobility (IM) drift cell filled with an inert buffer gas (usually nitrogen
or helium) under the influence of an electric field. Separation in the drift cell is based on
an ion’s mobility, which depends on its size, shape and charge.®® As ions move through the
drift cell in the direction of the electric field, they are slowed down by collisions with the
buffer gas. For a given charge, ions with compact structures interact less with the buffer
gas than ions with more extended structures and thus traverse the drift cell faster.’! Ions
with increased charges transit the cell faster since they experience greater separation field
strengths.®> The time taken for ions to travel through the IM cell is called the drift time
(DT). Measurement of the DT facilitates calculation of a unique molecular descriptor called
the collision cross-section (CCS), which is related to the two-dimensional area of an ion’s
gas-phase conformation and is measured in units of square Angstréms (A?).3* CCS has
been described as “a normalized measure of gas phase size”.%*

IMS separations occur on the millisecond time scale. As a result, IMS is easily
coupled to chromatographic and MS instruments, which perform separations on the minute

and microsecond range, respectively.®’ IM-MS measurements can be particularly useful in

structural investigations such as isomer separation and protein conformational studies.
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CCS is beneficial in the analysis of complex matrices since it facilitates DT alignment.
This is where signals are grouped according to their DT and background interferences from
co-eluting compounds in the mass spectra with different DT can be removed.®® Together
with retention time, exact mass, isotope ratio and fragmentation patterns, CCS values serve
as a valuable additional parameter to aid in compound identification and improve
confidence in non-target feature annotation.®* 3¢ They are unaffected by matrix effects’
and independent of the chromatographic separation process.®! Furthermore, CCS values
are largely reproducible across different laboratories® and instrument platforms®! although
variations can occur based on experimental conditions and drift gas. The utility of IMS
hyphenated to MS and LC/GC in the analysis of POPs and other contaminants of emerging
concern has been illustrated by many publications within the past decade.’ 7% 838590
There are many existing variations of IM-MS designs with common ones including
drift tube IMS (DTIMS), traveling-wave IMS (TWIMS) and trapped IMS (TIMS).3% !
However, in combination with other factors, the separation path length limits the resolving
power of these conventional IM-MS devices.”> Recent advancements in commercial
IM-MS instrumentation have led to the emergence of a cyclic system from Waters
Corporation based on TWIMS.”” This cyclic ion mobility-mass spectrometer (cIM-MS)
delivers improved resolving power via a multi-pass approach. It achieved a resolving
power of 750 with 100 passes around the cyclic ion mobility device for two isomeric
pentapeptides. The instrument also offers multifunction capabilities such as IM isolation

where species outside a specified mobility range can be ejected out of the cIM while the

remaining ones continue separating, and IMS", analogous to MS" separation. With this
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feature, precursor ions that have already been cIM separated, undergo selective activation
followed by further cIM separation of product ions.

Ions exiting the quadrupole of the instrument enter the trap region (Figure 1.4)
where they are accumulated and released as packets of ions into the cIM for mobility
separation one after the next. In other words, one packet collects in the trap while a second
undergoes separation in the cIM cell. When the first packet exits the cIM cell, the second
enters and so on. This allows a high duty cycle (close to 100%) to be achieved since
minimal ions are lost while separation occurs.”’ Prior to entry into the cIM, ions pass
through a cell filled with helium gas (He) that offers two benefits: 1) it reduces ion
scattering under the elevated pressure of the cIM device thereby providing high ion
transmission and maintaining the sensitivity of the Q-TOF 2) it minimizes activation or
fragmentation of ions.”?

The cIM cell is filled with buffer gas (typically N2) at a pressure of approximately
2 mbar. It consists of two main parts as shown in Figure 1.4: 1) the main body of the
separator, which is located orthogonally to the primary beam path of the spectrometer and
2) the ion entry/exit section, which intersects the main ion optical axis. The main body of
the separator contains a series of electrodes in which adjacent plates are subjected to
opposite phases of RF voltage. Superimposed on the RF of a pair of adjacent electrodes is
a DC voltage that is switched to an adjacent plate pair after a given time resulting in
“traveling waves™®* (TWs) being propagated along the separator. Ions “surf” on a wave
through the buffer gas for a period of time and then the wave overtakes. This process is

repeated with waves that follow. The mobility of ions dictate how often they are overtaken
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by waves such that ions with low mobility get overtaken more frequently than those with

high mobility and thus take more time to traverse the IM cell.”’

The ion entry/exit region
of the cIM device consists of a planar array of electrodes that control the TW direction
thereby facilitating entry of ions into the separator, mobility separation and ion ejection.
The combined length of these two regions gives the cIM device a path length of 98 cm for
mobility separation. After separation, ions move into the transfer region, which uses axial
fields to maintain the reliability of mobility separation and then into the TOF for m/z
separation. If standard Q-TOF operation of the mass spectrometer is desired, the TWs in
the array electrodes are set to allow ions to “bypass” the cIM separator. In this mode, there
is continuous transmission of ions to the TOF without accumulation in the trap region.
During multipass experiments a separation time is set to determine how many
passes ions will make around the cIM separator before being ejected. If a relatively short
separation time is used (2-5 ms), ions undertake a single pass giving a resolution of about
80. For higher mobility resolution, a separation time of several seconds can be used to
lengthen the path that ions can travel. Resolution was shown to increase with the square
root of the number of passes around the device.”” When ions undergo multiple passes, it is
possible that high-mobility ions catch up to low mobility ones resulting in a phenomenon
called “wrap-around” where separation is obscured. Breen et al.”” recently presented a
method for “unwrapping” cIM data to take advantage of the comprehensive
two-dimensional nature of the technique when performing multipass experiments. This was
achieved by measuring and comparing the DTs of ions during single and multipass

separations and then calculating how many passes each ion had made.
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With classical DTIMS, CCS values (Q) can be determined from first principles
using the Mason-Schamp equation®® (Equation 1.2) since the electric field is uniform. This
requires experimental conditions such as temperature (T) and pressure (P) in the drift tube
to be accurately known.?® Equation variables are as follows: z is the ion charge state, e is
the elementary charge, Ny is the buffer gas density, mp and ma are the masses of the drift
gas molecule and analyte ion respectively, L is the length of the drift tube, tq is the drift
time and E is the electric field strength.®® Equation 1.2 assumes that T and P are in units of

Kelvin and Torr, respectively.

0= 1362150 ) \/kzb—nT mLB+mLA % % % (Equation 1.2)
This approach cannot be used for instruments based on TWs where the electric field varies.
Therefore, like other TWIMS devices, CCS determination with the cIM is achieved
through calibration using standards with well-characterized CCS values previously
obtained on DTIMS instruments.”” Comparison between CCS values obtained from
DTIMS (PTCCSn») versus TWIMS (TWCCSn:) usually give uncertainties of <2%.81: %6 A
study by Gelb et al.”” on the influence of calibrant ions during CCS determination using

TWIMS recommended that molecular class and charge state be matched to ensure more

accurate and reproducible CCS values are obtained.

1.3. Data acquisition and processing strategies

Analytical investigations into POPs can be performed utilizing three different data
processing strategies: target, suspect and non-target analysis.>* 6% 3% % Target analysis

involves the identification and quantification of known substances using reference
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standards. With suspect screening, reference standards are unavailable but lists containing
compound-specific information are used to search the acquired data for known substances
likely to be present. Finally, in non-target screening (NTS) there are no standards, lists or
prior information available, only unknown ions whose identities must be determined from
the first-principles interpretation of their mass spectra.”!>** The HRMS/MS spectrometer
used in this research allows a combination of all three strategies to be utilized in an
all-in-one approach.!% Figure 1.5 demonstrates a typical workflow.

There are two major types of data acquisition methods employed in environmental
analysis: data-dependent acquisition (DDA) and data-independent acquisition (DIA).”* 7
%8, 101 Both methods allow quantitative (obtained from the MS full scan) and structural
(obtained from the MS? spectra) information to be acquired in the same sample run. In
DDA mode, the MS instrument performs full-scan and then MS? scans are automatically
triggered if certain predefined criteria are met (e.g., signal intensity threshold, presence of
a compound on a target list, isotope patterns).!?? This method produces high quality MS?
spectra since there are less interferences. However, it is unable to screen for novel or
unknown contaminants and excludes low abundance compounds that may be of interest.!%?
With DIA, all precursor ions in the full m/z range are fragmented thus permitting the
unrestricted and unbiased generation of fragment ion spectra. A disadvantage of DIA is that
fragmentation occurs for analytes of interest as well as co-eluting compounds resulting in
a complicated MS? spectrum that is difficult to deconvolve and interpret.’? This has led to

a preference for DDA versus DIA (60% vs 19%) in the NTS process.!® Nevertheless, DIA

remains an attractive option for wide scope screening of unknown contaminants and
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retrospective analysis.!? One way of performing DIA is using an MSE method where all
precursor ions are fragmented simultaneously by alternating low and high collision

energies producing full precursor and product spectra. Data for this thesis was collected

using DIA in the MS® mode.
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| Automatic peak picking processing |

Low energy & High energy peak alignment

Retention time
Accurate mass

Componentization — Feature List
(including isotopic cluster, adducts, in-source fragments, dimers...)

Drift time — CCS
Feature Identification
TARGET SCREENING SUSPECT SCREENING NON-TARGET SCREENING
Standard available? Yes Standard available? No No list or information available.
Database with formula, structure, Database with formula and
m/z, fragments, RT and CCS. structure. :
Prioritization of features of

interest (intensity, distinctive

Target by mass accuracy, RT and
CES.

Automatic search feature list for
matching precursor m/z data.

In-silico prediction of RT and CCS.

isotopic pattern, sample
comparison...).

Molecular formula assignment.

Evaluation of fragmentation (in-silico

Possible structures based on
fragmentation predictive tools).

online databases and in-silico
fragmentation predictive tools.

In-silico prediction of RT and CCS.

Tentative identification

Standard required for confirmation

Compound confirmation

Figure 1.5. An example LC-IMS-HRMS workflow illustrating the all-in-one approach to

target, suspect and non-target screening. Reprinted with permission from Celma et al.”
Copyright © 2021, Elsevier Ltd.
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Once acquired, steps must be taken to reduce the quantity and complexity of the
data.”! While most workflows include similar steps, differences may exist in the
execution.!® The first step involves peak picking or feature detection (Figure 1.5), which
can be achieved using vendor specific software or other open access tools. The peak
picking algorithm creates features (peaks) by combining m/z, RT and intensity/area.'®® At
this stage noise removal can be performed, the simplest form of which removes datapoints
below an intensity threshold set by the user. For instance, an intensity threshold of
100 counts per second was used by Bader et al.!? to differentiate instrumental noise from
real peaks. Subtraction of compounds present in blanks (procedural, solvent or field blanks)
may also be done. Next up is componentization where all signals belonging to a single
compound (e.g., isotopic peaks, adducts, in-source fragments, etc.) are grouped together
based on RT, accurate mass and CCS (when available). Components/peaks can also be
aligned across several samples to facilitate further processing by statistical methods such
as principal component analysis, clustering and regression analysis.”! For NTS,
prioritization strategies need to be implemented to isolate compounds of interest from the
wealth of HRMS data generated.'!** Attempts at feature identification can then be made
through molecular formula assignment, spectral library matching, in silico fragmentation,
etc.!® Feature prioritization and identification will be discussed further in subsequent
sections.

1.3.1. Target analysis
Current analytical methods for targeted analysis of POPs typically employ GC or

LC coupled to low resolution mass spectrometry (LRMS) instruments with a triple
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quadrupole (QqQ).>* 6 57 106-108 Thege techniques are characterized by high sensitivity
(low femtogram detection) and selectivity since interfering ions from complex matrices

can be filtered out.”®

However, they focus on a limited number of analytes and can be
difficult to set up as compound-specific MS conditions such as product ion masses,
ion-source parameters, and collision energies need to be optimized for each analyte.®
Target analysis using HRMS in full-scan mode overcomes these limitations because an
unlimited number of analytes can be detected simultaneously without pre-selecting
precursor or product ions. In addition, sensitivity and selectivity comparable to
QgQ-LRMS can be achieved in full scan mode.’” HRMS is also beneficial in target analysis
at the analyte confirmation stage where the acquisition of accurate mass product ion spectra
facilitates comparison of fragmentation patterns between standards and analytes. A
disadvantage of the QTOF-HRMS in quantification is the limited linear dynamic range
(2-3 orders of magnitude), which is ten times lower than QqQ-LRMS.

To obtain reliable identification and confirmation of target compounds, certain
guidelines should be followed to establish confidence. For this purpose, a five-level system
proposed by Schymanski et al.!% was utilized in this thesis. The reference standard should
be measured under the same analytical conditions as the sample containing the analyte to
enable proper comparisons. Then, MS (exact mass, isotope, adduct)), MS/MS
(i.e., fragmentation) and RT matching allow target compounds to achieve Level 1

assignments or confirmed structure status. Additional evidence can be supplied by

orthogonal methods (e.g., CCS) when possible.
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Literature reports of QTOF use for quantification of analytes in environmental
analysis are few.!' ' Nevertheless, when HRMS instruments are used for targeted
analyses, method validation similar to LRMS should be performed.®® Parameters to be
evaluated include linearity, precision, recovery, matrix effects, and limits of detection
(LOD) and quantification (LOQ). Method validation ensures that an analytical method is
fit for its intended purpose and generates reliable results.!'> A calibration curve must be
constructed to determine the relationship between known amounts of analyte and the
response of the instrument. [UPAC guidelines recommend six or more calibration standards
measured in at least duplicate. The calibration range should extend between 50-150% of
the expected sample concentrations and standards should be evenly spaced over this
range.!!3 The use of isotope dilution is common to correct for potential recovery losses or
minimize matrix effects.> 1% 115 Agsessing recovery is one way of demonstrating the
trueness of the method.!'? The goal is to determine how well repeated measured values
agree with the true value. To determine recovery, known amounts of analyte are spiked into
the sample matrix and the percentage of the quantity measured to the true value is
calculated. Another way of ascertaining recovery is to use certified reference materials if
available. Although close to 100% is desirable, lower recoveries are acceptable if the
sensitivity of the method is adequate. The precision of the method, which seeks to
characterize how close replicate measurements are to each other, can also be found from
these spike/recovery experiments. It is usually expressed as absolute standard deviation
(s or SD), relative standard deviation (RSD), coefficient of variation (CV) or variance

(s%).!'2 LOD sometimes referred to as method detection limit (MDL) represents the lowest
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amount of analyte that can be reliably distinguished from zero.''> One approach of
determining MDL is to analyze at least seven replicate samples free from or containing low
level of the target analyte and then multiply the standard deviation by the student’s t-value
at a 99% percentile for n—1 degrees of freedom.!'® Evaluation of the parameters described

previously was deemed sufficient for the scope of work in this thesis.

1.3.2. Suspect screening

Suspect screening lists generally contain molecular formulae, accurate masses and
structures of compounds that are likely constituents of a sample. Compounds on these lists
can be transformation products (TPs), pesticides, pharmaceuticals, potentially persistent
and bioaccumulative organic chemicals in commerce, etc.” Larger compound databases
such as the United States Environmental Protection Agency (U.S. EPA) CompTox
Chemistry Dashboard can also serve as suspect lists and may prove useful for obtaining
literature references or patent information.’”! The suspect screen is performed by comparing
the list of experimental features to the suspect list under constraints such as mass accuracy
<5 ppm. Hits obtained at this stage are not enough for identification alone.'” Observed
isotopic ratios should be checked for close agreement with that predicted for the molecular
formula of the suspect, and fragmentation data should be evaluated. Spectral library
searches can be performed using literature, publicly available databases such as
ChemSpider, NIST, PubChem and Massbank, or with commercial ones like Agilent Water
Contaminant LC/MS Personal Compound Database and Library. Care must be exercised
when matching MS/MS spectra since the number and abundance of fragments may vary

depending on the collision energy used.'!” Difficulties may also be encountered at this stage
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if experimental mass spectra contain only one or a few fragments that are common to most
candidates.!'® Although MS/MS libraries continue to expand, coverage is currently limited
to several thousand chemicals.”! As such, not all suspect hits will yield spectral library
matches. In these cases, in silico fragmentation tools (e.g., MetFrag) can be employed.'"”
This approach uses algorithms to propose a list of potential candidates from large
compound databases (e.g., PubChem) based on the assigned molecular formulae or exact
mass. These candidates are then fragmented and the resulting theoretical MS/MS spectra
are compared to the experimental one generating match scores that require expert
knowledge for consideration and final selection.!”® Additional evidence to support

120, 121 and

identifications can be obtained by predicting chromatographic retention times
: : : 79, 85, 86, 88, 122 o :

using experimental or predicted CCS. Suspect screening is advantageous in

cases where standards are not yet commercially available (e.g., TPs or by-products). It also

makes it possible to survey which compounds are present before spending exorbitant

amounts of cash on standards for target analysis.

1.3.3. Non-target screening (NTS)

NTS is essential in the detection and identification of compounds that have not yet
been reported in the environment. In this quest, feature prioritization is necessary to isolate
relevant sample components such as those possessing toxicity, exhibiting persistence, or
undergoing transformations. Strategies for prioritization in NTS have been
comprehensively summarized in the literature.”! > 7 Intensity-based®® ! and statistical

83,123

approaches are common. With the former, high intensity features are hypothesized to

correspond to higher sample concentrations and therefore greater environmental
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significance. However, this assumption may not always hold true as features with lower
intensities can display high toxicity.!%* 7 Statistical prioritization techniques are useful for
handling sample sets where sampling locations, sampling periods and/or treatments vary.”!
The disadvantage with this approach is that many replicates are required to ensure
sufficient statistical power when comparing differences between groups.'®

Prioritization strategies for the NTS discovery of PFAS have largely focused on
mass defect filtering, homologous series searching and CF>-normalized mass defect plots. '
Mass defect (MD) is defined as the difference between the nominal and exact mass of an
atom or molecule. Due to the substitution of multiple hydrogen atoms (each with
Am/z =+0.0079) with numerous fluorine atoms (each with Am/z = -0.0016), PFAS
typically display low or negative mass defects, unlike hydrocarbons. To identify novel
fluorochemicals in aqueous film forming foams, Place and Field'** screened their initial
chromatograms using MDs from -0.100 to +0.150, which encompass a large number of
PFAS. It should be noted that other compounds containing elements such as chlorine,
bromine, sulfur, etc., also possess low to negative MD and so, mass defect filtering has
generally been used in combination with other PFAS recognition strategies.’
Homologous series searching is based on the fact that PFAS manufacturing processes
usually result in mixtures containing homologues that differ in m/z spacing units.'® For
instance, those produced by electrochemical fluorination and telomerization differ by CF»
and CF»-CF> units, respectively.'?> 126 CF»-normalized mass defect plots is a widely used
PFAS discovery tool that combines the previous two approaches. Application of this

method resulted in detection of fifty congener classes of mixed halogenated
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(chlorine/fluorine) thermal decomposition products of polychlorotrifluoroethylene.!?” The
prioritization strategy applied in this thesis uses CCS and mass to reveal the presence of
PFAS without previous knowledge of their occurrence.’ In contrast to nonhalogenated
molecules of similar mass, PFAS and other polyhalogenated compounds contain relatively
fewer atoms leading to low molecular volume and smaller CCS values. As such, when CCS
is plotted against m/z, 48%, 27% and 59% of compounds comprising >5 fluorine,
>3 chlorine, and >2 bromine atoms respectively, are expected to exist in the region of
chemical space defined by CCS < 0.2¢m/z + 100 A2. This NTS prioritization approach has

t52

led to the discovery of unknown chlorofluoro n-alkanes in indoor dust’~ and fluorotelomer

ethoxylates (FTEO) in indoor dust and industrial wastewater effluents.!?®

Once chemical features have been prioritized, efforts can be made to identify them.
Molecular formula assignment is first done using the exact mass (5-10 ppm) and isotopic
ratios to assign a probable molecular formula.!!” Plausible structures are then obtained by
searching the molecular formula in large compound databases such as PubChem and
ChemSpider. This will likely result in numerous matches that will require further ranking
using MS/MS data.!'® As with suspect screening, spectral library searches can be
performed and if that fails, in silico fragmentation techniques may prove useful. Features
lacking sufficient information to assign a molecular formula are classed as exact masses of
interest (Level 5) using the identification levels proposed by Schymanski et al.!® Such
features should only be annotated if they are useful to the investigation, for instance,

features displaying multiple detections or trends. If an unambiguous molecular formula is

determined but insufficient evidence exists to propose a structure, features are deemed
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Level 4 (unequivocal molecular formula). This may occur if MS? spectra are absent, vague,
or complicated by interferences. Tentative candidates (Level 3) are those possessing
molecular formulae and some structural evidence but not enough to suggest one exact
structure (e.g., positional isomers). Another example of a Level 3 identification would be
a top-ranked structure from in silico fragmentation of candidates acquired from searching
compound databases. Features classified as Level 2 or probable structures must either be
matched to library/literature spectra or have adequate diagnostic evidence such as MS?
fragments and/or experimental information (e.g., retention behavior) to rule out all other
structures.'” Features identified through NTS start at Level 5 while those obtained through
suspect screens begin at Level 3.” As more MS (exact mass, isotope, adduct), MS/MS and
experimental information becomes available, suspect and non-target components can
increase in confidence to higher levels. As previously mentioned in Section 1.3.1, Level 1
status can only be achieved when a feature/component is confirmed with an authentic

reference standard.

1.4. Objectives

It has been almost 40 years since the Government of Ontario introduced the
Municipal Industrial Strategy for Abatement (MISA) — a policy for controlling municipal
and industrial discharges into surface waters. During this time there may have been a shift
in the types of chemicals being used in manufacturing and processing sectors. As such, the
goal of this thesis is to acquire a better understanding of the current state of chemical
pollution due to industrial discharges in the Ontario environment, with an emphasis on

PFAS. Wastewater samples from over 10 industrial sectors will be extracted using different
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techniques to encompass a wide range of polar, mid-polar and non-polar compounds.
Extracts will then be analyzed via GC-APCI-cIM-MS (Chapter 2) and LC-ESI-cIM-MS
(Chapter 3) to determine the identities and quantities of pollutants present. The
performance of the developed analytical methods will be evaluated. A novel NTS strategy
that prioritizes data based on CCS and m/z will be applied to find halogenated compounds
of interest in the complex datasets. Distribution of pollutants across industrial sectors and
possible applications will be investigated. This study will lay the groundwork for
identifying problematic chemicals and provide information for source specific reduction

efforts.
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Chapter 2. Target, suspect and non-target screening of unknown

persistent organic pollutants in industrial wastewater of Ontario, Canada

2.1. Introduction

Globally, there are over 350,000 chemicals in production and use.! Recent
screening of the industrial chemical inventories of Europe, Canada, and the USA has
yielded a list of 3421 substances that have the potential to be persistent organic pollutants
(POPs).2 These chemicals are of particular interest since they persist in the environment
for extended periods, bioaccumulate in humans and animals, undergo long-range transport
and are toxic to humans and wildlife.® Despite widespread concern, only 31 classes of POPs
are currently monitored under international agreements such as the Stockholm Convention
(SC).* The disparity in number between the chemicals being restricted and those exhibiting
POPs characteristics suggests the existence of many more unregulated POPs.’ In the 1980s,
the government of Ontario introduced the Municipal Industrial Strategy for Abatement
(MISA),® which was a collaborative program where government and industry worked
together via a monitoring, consideration of “best available technologies economically
achievable” and regulatory phase-in approach to reduce the environmental impacts of
industrial emissions. Through chemical analysis and toxicity testing of directly discharged
industrial effluents, Effluent Monitoring Effluent Limits regulations and toxicity testing
requirements were introduced for industries that directly discharge to the aquatic
environment. On the other hand, wastewaters discharged to the sewer system in the

province of Ontario, Canada is regulated at the municipal (city) level. Each municipality
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can set their own sewer-use bylaw for industrial facilities, which generally have
concentration limits on conventional parameters like metals, nutrients, some organics, and
pH. Typically, these limits apply to all businesses in the municipality and are not specific
to different types of industrial or commercial facilities. In addition, most receiving
wastewater treatment plants (WWTPs) are owned and operated at the municipal level of
government. Almost 4 decades later and with the significant increase in chemical numbers
and diversity on the global market, a better understanding of the types of chemicals used
in manufacturing and processing sectors that discharge their effluents to municipal sewers
and/or the environment is needed.

Since wastewater effluents are major point sources of organic contaminants to the
environment,’ they are appropriate sample choices when searching for unknown pollutants.
Over the past 2 decades, several papers have been published characterizing the vast number
of polar and non-polar organic pollutants present in wastewater effluents.’”'* A wide range
of contaminants are detected at ng/L to ng/L concentrations ranging from pharmaceuticals
and personal care products to industrial chemicals to pesticides. Commonly detected
pollutants in wastewaters influenced by industries include corrosion inhibitors (e.g.,
benzotriazole), organophosphate flame retardants (OPFRs) and plasticizers (e.g., tributyl
phosphate; TBP, tris(2-chloroisopropyl)phosphate; TCPP), and per- and polyfluoroalkyl
substances (PFAS) (e.g., perfluorooctanoic acid; PFOA, perfluorohexane sulfonic acid;

16, 17 and

PFHxS).!% 13 15 Although overwhelming evidence suggests that many OPFRs
PFAS'® 1 exhibit POP characteristics, most continue to evade control measures and some

are yet to be identified.
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Whether the goal is discovering unknown pollutants in the environment or
demonstrating the occurrence of known ones to inform risk assessment and pollution
regulations, the first step involves being able to isolate compounds of interest from other
sample components. For wastewater analysis, combinations of targeted, suspect and/or
non-targeted approaches are common based on gas or liquid chromatography (GC or LC)
coupled to tandem mass spectrometry (MS/MS) or high-resolution mass spectrometry
(HRMS).”!? The high mass accuracy and resolution afforded by HRMS instruments,
together with its increased availability in recent times has contributed to a renewed interest
in non-target screening (NTS) strategies.?’ The utility and potential of HRMS in NTS for
unknown chemical discovery in the environment has been discussed?! and reviewed?
elsewhere. Nevertheless, challenges remain in identifying important sample components
from HRMS experiments due to the vast quantity of data generated’® and the complex
nature of environmental samples.?! Several prioritization strategies continue to be
employed including mass defect plots, ranking by frequency and signal intensity of masses,
neutral loss filtering and using characteristic isotope pattern.?! For identifying PFAS and
other halogenated compounds, a novel NTS method using collision cross section (CCS)
values derived from ion mobility spectrometry (IMS) has recently been developed by
MacNeil et al.?® CCS values are representative of an ion’s mobility, which depends on its
size, shape and charge. Polyhalogenated compounds with >5 Fluorine (F), >3 Chlorine (CI)
and >2 Bromine (Br) atoms have relatively small CCSs compared to other compounds with
similar masses. As a result, they occupy a unique region of chemical space defined by m/z

and CCS. According to the model,2° 48%, 27% and 59% of compounds with >5 F, >3 Cl
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and >2 Br atoms, respectively, will exist below a line described by CCS = 0.2em/z + 100
where 150 < CCS <250 A.

The goal of this study is to use the above NTS model in combination with a suspect
screening list of approximately 3000 suspected POPs to characterize industrial wastewater
samples collected from 11 sectors in Ontario, Canada. Distribution, levels and possible
sources of unknown halogenated chemicals will be examined, and comparisons made

across different industrial sectors and regions.

2.2. Experimental Methods

2.2.1. Chemical Standards

Native and isotopically labeled standards of known and suspected POPs were
purchased from Wellington Laboratories (Guelph, ON, Canada) and Cambridge Isotope
Laboratories (CIL, Tewksbury, MA, USA). Lists of these standards can be found in
Tables A.1 and A.2 of Appendix A. Mixed standards of native (6.67-33.33 pg/uL) and
isotopically labelled compounds (20-40 pg/uL) were prepared in acetone for spiking as a
means of evaluating method recovery and accuracy.
N-cyclohexyl-2,2,3,3,4,4,5,5,6,6,7,7,7-tridecafluoroheptanamide was obtained from
Sigma Aldrich (St. Louis, MO, USA) to confirm the identity one unknown PFAS. The
identities of two other unknown PFAS were confirmed using standards synthesized
in-house  according  to  procedures  described by  Afzal et al.?
(N-diethoxylated perfluorooctanamide) and Jackson and Mabury?*
(N-methylperfluoroheptanamide). Chemicals used for these syntheses were obtained from

Sigma Aldrich (Oakville, ON, Canada) [2-(2-aminoethoxy) ethanol, zinc oxide, methyl
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perfluorooctanoate, methyl amine] and Synquest Laboratories (Alachua, FL, USA)
[perfluoroheptanoyl chloride]. The standard used for confirmation of 6:2 fluorotelomer

ethoxylate (6:2 FTEO) was previously described.?

2.2.2. Sample collection

In collaboration with 4 Municipalities in Ontario, 5 L of wastewater samples were
collected in 1L jars between September 13th and December 1st, 2021, from 33 industrial
facilities and 1 municipal WWTP (Table A.3). Samples were kept at ~4 °C during transport
and filtered by gravity using either Whatman grade 202 filter paper or 20 um cellulose fiber
filters into 500 mL polyethylene terephthalate bottles. Both wastewater samples and filters
were frozen at -18 °C (to minimize analyte degradation) until shipping and analysis.
2.2.3. Liquid-liquid extraction

Wastewater samples were extracted using a modified version of an MECP method
(E3186), similar to USEPA method 3510C separatory funnel liquid-liquid extraction
(LLE).?® A 100 mL aliquot of each sample was measured into a 250 mL separatory funnel
and 100 pL of the mixed isotopically labeled standard was spiked in yielding a final extract
concentration of 10-20 pg/uL. After thorough mixing, the pH of the samples was adjusted
to approximately 12 using 50% NaOH. Each sample was then serially extracted 3 times
with 10 mL portions of DCM. This was repeated under acidic conditions (~pH 2 using
concentrated HCI). The combined extracts were reduced in volume via nitrogen blowdown
and then concentrated further in a CentriVap concentrator system (Fisher Scientific, ON,
Canada). The solvent was exchanged to toluene (final volume 200 uL) and extracts were

stored at 5 °C until analysis.
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2.2.4. Accelerated solvent extraction (ASE)

Filter papers were spiked with 2-4 ng of mixed isotopically labeled standard and
extracted using a pressurized liquid extraction system (ASE 350, Accelerated Solvent
Extraction System from Dionex Corporation, Sunnyvale, CA, USA). Extractions were
performed using hexane/acetone (3/1, v/v; 2 cycles) at 100 °C, 5 min static cycle with a
50% flush and 200 s purge. Extracts were subjected to the same procedure as mentioned

previously for the LLE extracts in Section 2.2.3.

2.2.5. Instrumental analysis

Gas chromatography-cyclic ion mobility mass spectrometry (GC-cIMS)
experiments were performed using a Waters Cyclic ion mobility mass spectrometer
(Wilmslow, UK) coupled to an Agilent 8890 Gas chromatograph using atmospheric
pressure chemical ionization (APCI). Analyte separation was performed with an Rtx-5
column (15 m x 0.25 mm x 0.1 um). The initial temperature was 90 °C, held for 1 min; the
oven was then ramped at 95 °C/min to 115 °C, at 65 °C/min to 150 °C, at 45 °C/min to
210 °C, at 35 °C/min to 280 °C, at 30 °C/min to 310 °C, and finally at 25 °C/min to 330 °C
for a 10 min run time. Sample extracts and standard solutions (1 pL) were injected in the
split-less mode. The inlet and transfer line temperatures were set to 280 °C and 330 °C,
respectively. A helium (~99.99% purity) carrier gas flow of 10 mL/min was used with
nitrogen (~99.99% purity) make-up gas added to the APCI source at a rate of 350 mL/min.
APCI was initiated by a corona discharge (2 pA) in both the positive and negative ion
modes. The source conditions were as follows: source temperature, 150 °C; sampling cone,

30 V; extraction cone, 10 V; cone gas, 175 L/hour; auxiliary gas, 100 L/hour. Column bleed
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(CoH2705Sis" - m/z 355.0699) and background ions (CisH31O02 - m/z 255.2324 and
CisH3502" - 283.2637) were used to internally correct the measured m/z in the positive and
negative ion modes, respectively. Mass spectra were collected for m/z 50-1200 using data
independent acquisition (DIA). The collision energy was ramped from 10 to 40 eV for the
high-energy channel and held at 4 eV for the low-energy channel. Nitrogen gas was used
as the buffer gas in the cyclic ion mobility cell, which was operated in the single pass mode
with the separation time set to 2 ms and a traveling wave height of 22 V. Calibration of the
instrument to measure CCS was performed according to standard procedure using a

mixture of 22 compounds (aka, “major mix”) supplied by Waters Corp.

2.2.6. Suspect Database and CCS Prediction

A list of 3421 organic compounds compiled by Muir et al.? through in silico
screening for POPs was used as the basis for the suspect screening database. CCS values
for most of the suspects in the database were predicted using AIICCS. AIICCS is a
machine-learning based program,?” which predicts CCS values from SMILES (simplified
molecular input line entry system) structures. Chemicals from the original list whose CCSs
could not be predicted, were removed and POPs already regulated under SC were added
back in. GC-APCI typically yields M and [M+H]" ions, but only ions of the latter form
were computed because predictive models do not yet exist for radical cations. To account
for the error introduced by this assumption, a relatively large CCS deviation of 10% was

used during screening.
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2.2.7. Data Processing

Raw samples and blanks were imported into Progenesis QI software (Waters Corp).
Lock mass correction, alignment, peak picking and deconvolution were done automatically
in the software. Two separate excel spreadsheets, one containing the compounds with
accurate masses and the other with corresponding predicted CCS values were imported
into Progenesis QI. Progenesis Metascope was used to perform the suspect screening with
search parameters of 5 ppm and 10% for mass tolerance and CCS percent deviation,
respectively. The results were exported in an excel spreadsheet for further processing.
Normalized ion abundances were first blank subtracted (10-fold). Remaining ions were
then subjected to the filtering criteria CCS < 0.2¢m/z + 100 where 150 < CCS <250 A. A
script tool (R code) described in Zhang et al.?® was used to filter out chlorinated and
brominated ions. Finally, manual investigation of those ions furthest to the right of the CCS
to m/z line revealed potential halogenated ions.
2.2.8. Quality Assurance and Quality Control

Table 2.1 summarizes the proposed assignments for the compounds matched by
suspect and non-target screening. The accurate mass and CCSs of the (quasi)molecular ions
of all proposed identifications fall within 5 ppm and + 15% of the theoretical values.
Confidence in these assignments is characterized using the 5-level scale proposed by
Schymanski et al.?” All compounds reported herein are present at levels that exceed their
estimated method detection limits (MDL). Experiments to estimate MDLs were done using
18.2 MQecm water samples (n=3 or 6). For non-target compounds, the mean peak area in

the blanks was summed to the standard deviation times 3.365 (n=6). For targeted
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compounds, the average concentration in the blanks was summed to the standard deviation
times 6.965 (n=3). Method performance data for analyte quantification in wastewater and

filter samples is given in Tables A.4 and A.5 of the supporting information.

2.2.9. Statistical Analysis

Two-dimensional hierarchical cluster analysis (2D-HCA) was performed using
Metaboanalyst 5.0.3° Peak areas for the compounds tentatively identified by target, suspect
and non-target screening were obtained using TargetLynx V4.2 (Waters Corp). 2D-HCA
was applied to the peak areas that exceeded estimated MDLs. Non-detects were replaced
with one-fifth of the minimum positive values of their corresponding variables. The data

set was subjected to log transformation prior to 2D-HCA.

2.3. Results and Discussion

2.3.1. Screening data for halogenated pollutants based on m/z and CCS

Data processing by Progenesis yielded approximately 27,000 ions after blank
subtraction with 1100 suspects. Finding compounds of interest in this wealth of data poses
significant challenges to analytical chemists. To reduce this massive data set, we chose to
use a novel filtering criterion for polyhalogenated compounds based on m/z and CCS.?°
After plotting experimental CCS vs m/z for the blank subtracted dataset and imposing a
boundary line defined by CCS < 0.2sm/z + 100 A2, 755 ions remained, of which 50 were
matched by suspect screening. To minimize the false positive discovery of halogenated
compounds,?’ an additional constraint of 150 < CCS < 250 A? was employed resulting in
another decrease to 344 ions with 27 suspects (Figure 2.1a). These remaining 344 ions are

likely to be from compounds containing >5 F, >3 CI and >2 Br atoms and represent a
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worst-case scenario since false positives could still be present. In addition, some ions will
be fragments and/or isotopic peaks of the same compounds. Thus, the actual number of
halogenated species is anticipated to be much less than 344.

Suspect screening accounted for 16 chlorinated/brominated (CI/Br) ions belonging
to 6 compounds that are known pollutants (22-25 in Table 2.1) and 4 fluorinated ions
originating from a popular PFAS, N-EtFOSE (6% of filtered ions). Two of the known C1/Br
suspects were present at levels below estimated MDLs and were therefore omitted from
Table 2.1. Twenty other ions were matched by suspect screening, but further investigation
of the raw data suggested that they were false positives arising from compounds in the
suspect database with coincidentally the same masses. With the use of a script tool,?®
52 more Cl/Br ions were clustered into 15 groups based on retention times (RTs), isotopic
specific mass differences and isotope ratios. Manual interrogation of the peak list and raw
spectra yielded a further 12 groups (32 ions) and 17 ungrouped ions. Unfortunately, these
ions could not be grouped together due to non-detection of isotopic peaks by Progenesis.
Additionally, the process of associating fragments with molecular ions was hindered by
overlapping chromatographic peaks. Nevertheless, by filtering the data in this way we were
able to isolate 101 (29%) Cl/Br ions stemming from roughly 30-40 compounds that evaded
suspect screening attempts. This highlights the importance of complementing suspect
screening with non-target methods.

Once Cl/Br ions below the CCS-m/z line were tagged (Figure 2.1b), attention
shifted to PFAS discovery. As noted by MacNeil at al.?® distinguishing per- and

polyfluorinated ions is more difficult than CI/Br ions because '°F exists as a single stable
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isotope whereas the latter displays characteristic isotope patterns. The search began by
reviewing the spectra of those untagged CI/Br ions furthest below the CCS-m/z line.
Compounds presenting with a simple isotopic pattern consisting of a weak M+1 peak
resulting from '3C and a negative or small, slightly positive mass defect (MD) were readily
identified as PFAS. Others with greater positive MDs were more difficult to confirm and
are thus categorized as level 5 on the scale proposed by Schymanski et al.> in Table 2.1.
In this way, 19 PFAS (30 ions, 9%) were tentatively identified (Figure 2.1b). Worth noting
is that N-EtFOSE, FOSE and other potentially related sulfur containing PFAS are
concentrated in the top right portion of plot. The remaining unassigned 193 ions (56%)
could be siloxanes that were not background subtracted, false positives or even halogenated
compounds with <5 F, <3 CI, and <2 Br atoms.?* Figure 2.2 displays the final distribution
of the 344 ions isolated based on CCS and m/z. Collectively, 35 (ion intensity) to 44%
(number of ions) of filtered ions are likely halogenated. Of this proportion, only 9-14% of
the halogenated intensities and ions can be explained by suspect compounds. This means
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Figure 2.1. Experimental CCSn. vs m/z and for (a) approximately 27,000 ions present in
industrial wastewater samples after blank subtraction (10-fold) and (b) only ions
characterized by CCS values that are less than the sum of 100 A? and one fifth of their
mass.
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that approximately 86-91% of the halogenated chemicals being used, produced or

discharged as degradation or by-products in Ontario, Canada are truly unknown.

3%
(9%)

3%
(6%)

mCl/Br MF mSuspect M Unknown

Figure 2.2. Distribution of ions isolated by filtering criteria CCS < 0.2¢m/z + 100 using ion
intensities. Values in parentheses show distribution using the number of ions.

Table 2.1 summarizes the compounds identified and tentatively identified through
target, suspect and non-target screening. These include common halogenated pollutants
such as BDE-47, BDE-99 and TDCPP as well as the frequently detected PFAS, N-EtFOSE.
Compounds assigned with Level 1 confidence were confirmed with commercial or
synthetic standards based on mass accuracy <5 ppm, RT £0.01 min, CCS percent deviation
<1.5% and agreements between the isotopic ratios of suspects and proposed compounds
(£10%). Identification and confirmation of 6:2 fluorotelomer ethoxylate (6:2 FTEO) was
previously described in Steeves el al.> A confidence Level of 3 was allocated to FOSE and
N-EtFOSAA since the analytical data supported the proposal but a standard was
unavailable to confirm. Most other compounds were assigned a confidence Level 4 where

plausible elemental compositions were suggested but there was insufficient fragmentation
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data for structural proposals. PCB-52 was not detected by Progenesis but was included
after being found through target analysis.

Table 2.1. Summary of compounds tentatively identified by target, suspect and non-target
screening of GC-APCI-cIM-MS data. CCS (Exp.) and CCS (Std.) are experimentally
derived values for ions in the wastewater samples and authentic standards, respectively
while CCS (Calc.) represents predicted values from AlIICCS.?” The CCS deviation (%) is
calculated between CCS (Exp.) and CCS (Std.) in most cases or between CCS (Exp.) and
CCS (Calc.) where CCS (Std.) is unavailable. The detection frequency (DF) of compounds
across samples (n=37) is shown in the last column.

Compound ID Class Structure Elemental ID| ID | lon(s) m'z Mass | RT | CCS | CCS| CCS |CCS|DF
composition  |Lvl| Mtd error | (min) | (Exp.) | (Std.) |(Calc.)| dev
» (ppm) (%)
Amide 1 (1) Mo b ChcE CsHF;3NO 1 |NTS|[M+H]"[378.0171| 1.9 | 0.33 |156.0 [154.0{ 169.5| 1.3 | 6
Perfluoroalkyl R 2ACF2)aCFs
Amide 2 (2) amides (PFAAs) 0 Cy3HpF3NO 1 |NTS|[M+H]" |446.0795| 1.1 | 1.17 | 182.9[182.9| 1833 | 0.0 | 1
R=CHj,, CeHy,
H
Amide 3 (3)  |Alcohol PFAAs HO\/\O/\/N\H/CF 2(CF)sCF3 |c HFsNO; | 1 |NTS|[M+H]"|502.0497| -0.4 | 1.53 | 193.6]192.2| 1882 | 0.7 | 8
0
FOSE (4) Alcohol CF/7-S(=0),NHCH,CH,0H CoHgF1NO5S 3 |NTS |[M+H]"|543.9869| -1.8 | 1.60 [194.7| - |190.2| 24 |5
perfluoroalkyl-
sulfonamides
N-EtFOSE (5) | (prsms) CgF17-S(=0),N(CH,CH;)CH,CH,OH  |C;HioF;NOsS | 1| S |[M+H]"[572.0178| -1.7 | 1.63 |206.2 [203.6] 198.2| 1.3 | 7
N-EtFOSAA (6) g;‘;l;\‘/’[’s‘yhc acid- | S(=0);N(CH,CH,)CH,CO,H CLHF,NO,S | 3 |NTS|[M-H][583.9819| -0.9 | 1.89 | 1965 - [192.0|24 |7
S-1(7) CsH) F1N,0,8 | 4 [NTS|[M+H]"|583.0343| -0.9 | 2.19 | 202.9 8
S-2(8) Unknown Sulphur CuH:FiN0,8 | 4 |NTS |[M+H]'[555.0029| -1.1 | 2.07 | 195.7 5
ontaining PFAS W17 [ ]+ - . - -
S-309) CoHoF 13058 4 |NTS|[M+H]"[457.0135| -1.8 | 1.65 | 179.8 5
Fluorotelomer
:2- HO CF,(CF,)4CF
5120)05 FTEO ethoxylates ‘6/\@'\/ 2(CF2)4CFs CHy F 1305 1 |NTS|[M+H]"|541.1258| -0.4 | 2.21 |207.8(207.8| 197.2 | 0.0 | 10
(FTEOs) 4
UK-1 (11) CoHgF13NO 4 |NTS|[M+H]|392.0302| -4.6 | 0.35 | 157.2 2
UK-2 (12) C3H4F15NO, 4 |NTS|[M+H]"|464.0897| 0.4 | 122| - 1
UK-3 (13) C,HF13N;0 4 [NTS|[M+H]"[444.0393| 2.7 | 1.39 | 176.5 1
UK-4 (14) CoH:F;3N,0 4 |NTS|[M+H]"|419.0440| 2.6 | 1.44 | 170.7 1
UK-5 (15) Unknown Level 4 CoHysF2705 4 |NTS|[M+H]"|849.0574| 0.9 | 221 |246.3 2
UK-6 (16) & 5 PFAS 5 |NTS|[M+H]"[322.9778 3.08 | 151.6 4
UK-7 (17) 5 |NTS|[M+H]"|500.1515 4.74 | 196.2 7
UK-8 (18) 5 |NTS|[M+H]"|505.2005 6.16 | 187.4 1
UK-9 (19) 5 |NTS|[M+H]"|486.1840 6.25 | 189.8 1
UK-10 (20) 5 |NTS|[M+H]'|515.2339 6.64 | 192.8 2
UK-11 (21) 5 |NTS|[M+H]"|435.9991 127 | 170.5 10
TDCPP (22) OPFRs CoH,5Cl0,P 1 |S, T |[M+H]"|430.8890| 0.5 | 3.21 | 180.1{179.0| 175.3 | 0.7 | 28
BDE-47 (23) PBDE. C,H¢Br,0 1S, T| M [4857102| -1.9 | 3.54 | 167.6/167.6| 162.7 | 0.0 | 3
S
BDE-99 (24) C,H;BrsO 1S, T| M" [563.6221| 0.9 | 4.02 | 176.5/176.5| 190.2 | 0.0 | 2
PCB-101 (25) PCB C,HsCls 1S, T| M" [3258817| 4.0 |2.84| 160.9/159.5|156.3 | 0.8 | 1
S
PCB-52 (26) C,HeCly 1| T | M" [291.9202] 2.7 | 251 2

2.3.2. Identification of 2 new classes of perfluoroalkylamides in wastewater samples

The quest to elucidate the structures of unknown PFAS ions tentatively identified

in Figure 2.1b began with obtaining the extracted ion chromatograms (XICs) of masses
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provided by Progenesis and examining the corresponding MS spectra in both positive and
negative ion modes. For compound 1, the MS spectrum in positive ion mode revealed a
BC monoisotopic peak with an abundance of 9.1%, implying a molecule with
approximately 8 carbon atoms. Absence of an [M+2]" peak ruled out the presence of sulfur
(or chlorine or bromine) atoms. Guided by the fact that previous PFAS analysis®* % on our
instrument demonstrated their preference for the formation of [M+H]" adducts (behavior
also displayed by N-EtFOSE in this study), an even-electron ion of elemental composition
CsHsNOF 13" was considered (m/z = 378.0171, Am = 1.9 ppm). A simple search on
PubChem for CsH4NOF 3 produced 6 possible isomers, only one of which contained a C6
perfluorinated side chain. Upon examination of the negative mode MS spectrum shown in
Figure 2.3a, there were 2 prominent peaks at m/z 318.9796 and 315.9819 in addition to a
smaller molecular ion peak [M-H] at m/z 376.0007 (Am = 0 ppm). m/z 318.9796 was
consistent with C¢F13™ (Am = 1.3 ppm) pointing towards N-methylperfluoroheptanamide as
a tentative candidate. The ion with m/z 315.9819 could be explained by the formation of
CsF10NO™ (Am = 0.3 ppm) via the consecutive losses of 3 molecules of hydrogen fluoride
(HF) from the molecular ion. This structure proposal is likely the result of gas-phase
rearrangements that occur during mass spectrometry experiments.®! The MS? spectrum for
compound 1 in the positive mode (Figure 2.3d) also displays a fragment at 330.0150
(C7H4F 12N Am = -0.6 ppm) formed through similar means. With this structural support
for the candidate in hand, we then decided to synthesize a standard to increase the
confidence in the assignment of our tentative candidate. Figure 2.3g displays the positive

mode MS/MS spectrum of the synthetic product with mass 378 selected in the quadrupole.
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The mass accuracies of the molecular ion 378.0157 and main fragment 330.0155
were -1.9 ppm and 0.9 ppm, respectively. Although the main fragment is non-diagnostic,
accurate masses in 2 ionization modes and a match between the two positive mode MS?
spectra as well as agreements between RTs and drift times (DTs) (Figures 2.4a and 2.4d)

provide sufficient evidence to suggest that compound 1 is N-methylperfluoroheptanamide.
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Figure 2.3. Mass spectra of compounds 1-3 under (a-c) negative ion mode conditions,
(d-f) positive ion mode conditions and (g-i) commercial/synthetic standards of each in
positive ion mode. Unless otherwise noted, all spectra were obtained from either the high
or low energy channels of DIA experiments.

Next, the MS? spectrum of compound 2 in positive mode (Figure 2.3¢) gave a 13C
isotope ratio of 14.3% for [M+H+1]"/[M+H]" indicating a molecule with roughly
13 carbons. The [M+H+2]" peak had a low relative abundance, once again eliminating
sulfur from the elemental composition. C13H;3NOF3" (Am = 1.1 ppm) was investigated as

a possibility for [M+H]" 446.0795. The major fragment in Figure 2.3e, 364.0010

corresponding to an elemental composition of C7H3NOF;3* (0.8 ppm) implied loss of
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CsHio, which was hypothesized to be cyclohexene. Successive losses of CO and HF from
this fragment could then explain the ion at 315.9986 (C¢H2F12N", Am = -3.2 ppm). This
fragmentation pathway resembled that observed with compound 1 and so, compound 2 was
also thought to be a perfluoroalkyl amide. The negative ion mode spectrum (Figure 2.3b)
was dominated by 319.9792 alluding to the presence of CsF13” (Am = 0 ppm) as seen
previously. A mass accuracy of 2.7 ppm (m/z = 444.0645) for the [M-H] (quasi)molecular
ion provided additional evidence to support the chosen elemental composition. Since the
MS? fragments appeared to fit the structure of N-cyclohexyl-2,2,3,3,4,4,5,5,6,6,7,7,7-
tridecafluoroheptanamide, an authentic standard was acquired to confirm. With DTs and
RTs coinciding (Figures 2.4b and 2.4e) and fragments in the MS? spectra aligning
(Figures 2.3e and 2.3h), the compounds were considered a match.

For compound 3, a molecule with approximately 10 carbons and no sulfur was
inferred using the 'C isotope ratios. This led to an elemental composition of
CioHiiFisNOs™ ([M+H]" = 502.0497, Am = -0.4 ppm) being selected for further
investigation. The MS? spectrum in Figure 2.3f features an intense peak at m/z 440.0129
possibly signifying loss of C2H4O> from the protonated molecular ion to give C1oH7F1sNO™
(Am =-0.7 ppm). This loss was thought to be that of ethylene glycol due to recent collision
induced experiments performed with fluorotelomer ethoxylates.?> Present in the negative
ion mode spectrum (Figure 2.3¢) was a fragment at m/z 368.9754 most likely due to C7F15
(Am =-1.6 ppm) and a [M-H] ion exhibiting a mass accuracy of 0.8 ppm (m/z = 500.0347).
The structure shown in Table 2.1 for Amide 3 seemed plausible based on findings thus far,

so attempts were made to synthesize a standard. Collision induced dissociation (CID) of
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m/z 502 following GC separation of the synthetic products generated the MS/MS spectrum
in Figure 2.3i. The observed matches in m/z, fragmentation, RT and DT
(Figures 2.4c¢ and 2.4f) between compound 3 and the synthetic standard provided strong

evidence that N-diethoxylated perfluorooctanamide was present.
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Figure 2.4. DT vs RT contour plots of the (quasi)molecular ions [M+H]" of compounds
1-3 in (a-c) synthetic/commercial standards and (d-f) wastewater samples. RTs differ
slightly from those reported in Table 2.1 due to column maintenance being performed after
initial sample runs.

2.3.3. Distribution of chemicals in wastewater samples

Figure 2.5 depicts the distribution of ions satisfying the criteria
CCS < 0.2+m/z + 100 using summed ion intensities per site. Immediately evident is the fact
that more than three quarters of the total fluorinated content is present in a treated
wastewater effluent site. This is not surprising as studies around the world have noted high
concentrations of PFAS in effluent wastewater.>>* This is because wastewater treatment
processes only partially remove the more water soluble PFAS.** Most of the fluorinated

content in this site was due to a single sulfur containing PFAS suspected to be N-EtFOSAA.
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Evidence to support this tentative identification was provided by a significantly tailing peak
in the XIC, the presence of [M-H] in negative mode and [M-H]" in positive mode and
fragmentation via the loss of CO> in positive mode leading to the formation of
C1iH7F17NO2S™ (Am = -0.75 ppm), which is also common to N-EtFOSE. LC-HRMS data
(negative mode) of this sample showed high levels of this compound. The RT and isotope
ratios of the [M-H] ion for an authentic N-EtFOSAA standard closely matched that of the
compound providing further support of its identity. N-EtFOSAA is the major
biodegradation product of N-EtFOSE?* and since N-EtFOSE was also detected at this site,
it’s likely some of it underwent conversion to N-EtFOSAA.

Approximately 7% of the fluorinated ion intensity was contributed by
3 electroplating sites. This is expected since PFAS usage in electroplating industries is
well-known.?: 3637 One of the newly identified compounds (Amide 2) was an important
contributor to the PFAS levels at the electroplating 5 site. Synthesis of this perfluorinated
acid derivative was previously reported under a German patent with potential use as a
surfactant®® but no current uses could be found in the literature. Next, a site that cleans
linen for healthcare workers was found to have appreciable quantities of suspected PFAS.
Figure 2.6 shows that these contributors include newly identified Amide 1 and 6:2-O5
FTEO as well as UK-5. As a thorough study of FTEOs has recently been published,? it
will not be repeated here. A SciFinder search for Amide 1 produced 2 hits from the 1980s
once again implying no current applications available in the public domain. Jackson and
Mabury** also noted a scarcity of published information on polyfluorinated amides

(PFAMs). Their study demonstrated that products based on perfluorooctane sulfonyl
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fluoride (POSF) contained PFAMs as byproducts of the electrochemical fluorination (ECF)
process. Additionally, Wang et al.>* noted the presence of non-C8 homologues as low-level
impurities in POSF-based products. Thus, with many POSF-based compounds having
applications in the textiles industry,*’ it’s possible that Amide 1 was released as an impurity.
Such impurities when released during the life cycle of POSF-based products, can degrade

into perfluoroalkyl carboxylic acids (PFCAs) in the environment and biota.>* Another
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Figure 2.5. Distribution of suspected halogenated ions based on their intensities across

individual industrial facilities and sectors. Also shown is the distribution of these ions in
two effluent (E1 & E2) and influent samples (I1 and 12) from a municipal WWTP.
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possibility is that Amide 1 (as well as Amide 2) is a degradation product of a side-chain
fluorinated polymer (SCFP) or part of the monomer used in the synthesis of one. A 2022
report by the Organization for Economic Co-operation and Development (OECD)*! listed
a perfluorohexanoic acid (PFHxA)-derivative [CASRN 154380-34-4;
CF3(CF2)sCONH(CH>)3Si(OCH3)3] as a monomer used to make silicone based SCFPs.
Although there were no findings in the literature for perfluoroheptanoic acid derivatives
(as in the cases of Amides 1 and 2), the report also notes that many silicone SCFPs and
monomers are not made public due to confidentiality claims. Besides the healthcare linen
cleaning site, Figure 2.6 illustrates that Amide 1 was also present in sites such as cosmetics
and petrochemical 1. Since silicone SCFPs have been applied as surface treatment products
for textiles, oil and water repellents in cosmetics and antifoaming agents in the petroleum
industry,*! it is possible that these amides are indeed degradation products of a confidential
silicone SCFP or monomer.

Relatively high levels of fluorinated compounds were also detected in
2 containerboard sites and a petrochemical site. N-EtFOSE, FOSE, S-1, S-2, and S-3 were
the culprits in these cases. There seems to be a relationship between these compounds as
they are clustered together in the top left-hand region of Figure 2.6. Their isotopic ratios
indicate that they are all sulfur-containing PFAS. A plausible explanation for their
association may be their co-existence in an industrial formulation with wide ranging
applications in electroplating, containerboard, and petrochemical industries. Interestingly,
this formulation appears to be utilized in only one municipality (R2). Similarly, Amide 3

has a higher DF in region R3 compared to other regions. Amide 3 has been reported in the
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literature as a nonionic fluorocarbon surfactant with applications as a foaming agent,** 4

emulsifier** ** and wetting agent.*® Gliidge et al.>® has noted that PFAS are used in the oil
and gas industry as foaming agents in drilling fluids and in the production of plastic and
rubber as foam blowing agents. This offers a possible explanation for the presence of

Amide 3 in sites such as petrochemical 2, synthetic rubber and plastics recycling.
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Figure 2.6. 2D-HCA with heat map plot showing compounds tentatively identified by
target, suspect and non-target screening of industrial effluent samples collected in Ontario,
Canada. Red and blue colors represent the most intense and least intense relative abundance
values (log scale), respectively. Compounds with a constant or single value across samples
were removed by the software.

Figure 2.6 demonstrates that the most widely distributed contaminant was TDCPP

with a DF of 76%. Its presence is seen in several industrial sectors such as electroplating,

computers and semiconductors, plastic and rubber and foam insulation. This is not
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surprising as Environment and Climate Change Canada notes that hundreds of thousands
of kilograms of TDCPP are imported for use as additive flame retardant in flexible foam
products (e.g., mattresses, furniture), building and construction materials and in plastics
and rubbers.*’ A recent review by Wang et al.*® describes TDCPP as the most popular flame
retardant applied in the polyurethane foam of all product categories. Target analysis showed
that TDCPP concentrations in industrial wastewater effluents were 1.4-74.4 ng/L
(Table A.6). Similar values were obtained in Spanish rivers that are close to industrial areas
(5.3-39 ng/L).* However, the values from this study are 1-2 orders of magnitude lower
than rivers>® and seawaters’! in China that are influenced by industrial activity. The TDCPP
concentrations in 2 effluent samples collected from a municipal WWTP were 85 and
202 ng/L. This result compares well with two previous Canadian wastewater studies where
TDCPP effluent concentrations ranged from 210-400 ng/L.°* * In addition, a
European-wide survey on the occurrence of emerging polar organic contaminants in
90 WWTP effluents (both industrial and domestic), reported maximum and average
concentrations of 860 ng/L and 176 ng/L, respectively for TDCPP.!?

Concentrations of legacy pollutants BDE-47 and BDE-99 ranged from 2-4.3 ng/L
(Table A.6) in WWTP influent samples. These values are an order of magnitude lower than
the minimum influent value measured by a previous study on Canadian WWTPs.>* No
PBDEs were detected in the WWTP effluent suggesting efficient removal by wastewater
treatment processes and agreeing with the aforementioned study where much lower
effluent concentrations were observed.’* The peak areas for 6:2 O5 FTEO in Figure 2.6

range from 1-3 orders of magnitude corresponding to 1-3 orders of magnitude
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concentrations (ng/L) as previously reported by Steeves et al.>> The other PFAS in
Figure 2.6 also have peak areas in that range suggesting that their concentrations would be
similar to that measured for 6:2 O5 FTEO. Since these levels are comparable to that of
known toxic and regulated PFAS such as PFOA and PFOS,? further studies are warranted
to determine if these compounds or their degradation products could have any harmful
ecological or human health effects. Detection of these PFAS across multiple industrial

sectors and regions provides further evidence to support this conclusion.
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Figure 2.7. Distribution of known pollutants and recently identified PFAS in wastewater
samples vs sediments collected on filter papers for (a) a plastics recycling facility and
(b) Healthcare linen cleaning service. Non-detects in either the wastewater or filter were
replaced by estimated MDLs. Log Kow values for Amide 1, Amide 3 and 6:2 O5 FTEO
were predicted using US EPA EPI Suite> while others were retrieved from ChemSpider.
Figure 2.7 provides a simplistic overview of how the newly identified PFAS were
found to partition between aqueous and solid matrices compared to known pollutants. The
higher ratio for compounds such as Amide 1, Amide 3, 6:2 O5 FTEO and TDCPP suggest
a higher presence in the wastewater versus the sediments while the opposite is true for BDE
47 and 99. This observation correlated well with what is predicted using the octanol-water

partitioning coefficient (Kow). With 2.5 <logKow <4 for Amide 1, Amide 3, 6:2 O5 FTEO

and TDCPP, they are expected to have medium mobility while a logKow > 4 for BDE 47
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and 99 indicates low mobility/high retention in solid matrix.’® The implication for this is
higher bioavailability for the PFAS and a greater likelihood of human consumption through

ingestion of drinking water.

2.4. Conclusion

A novel prioritization strategy based on m/z and CCS was successfully applied to a
set of 33 industrial and 4 municipal wastewater samples resulting in the tentative
identification of 19 suspected PFAS and several other halogenated pollutants not matched
by a suspect screening database. The identities of 3 of these PFAS were elucidated and
subsequently confirmed using synthetic and commercial standards. To the best of our
knowledge, this study represents the first detection of these 2 classes of perfluoroalkyl
amides in the environment. While most studies focus on LC-HRMS methods for
characterizing PFAS, this study highlights the importance of having complementary
GC-HRMS methods for detecting neutral compounds that may not ionize well by ESI and
thus evade detection. Contaminant distribution across different industrial sectors were
investigated leading to possible sources being hypothesized. Although the identities of
most PFAS remain unknown, this study demonstrates the presence of thousands of

unknown and possible new pollutants in the wastewaters of Ontario, Canada.
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Chapter 3. Application of collision cross section and mass for the
non-targeted discovery of unknown per- and polyfluoroalkyl substances

by liquid chromatography-cyclic ion mobility-mass spectrometry

3.1. Introduction

Twenty-two years have elapsed since per- and polyfluoroalkyl substances (PFAS)

were first identified as global contaminants.! They have been widely detected in wildlife,>>

11-14 15-17

human samples,’!° drinking water, wastewater and in the distant regions of the
Arctic'® !? and Antarctic.? 2! This has led to the inclusion of a few members of the class
under international agreements such as the Stockholm Convention (SC).?? Due to the
restrictions imposed on conventional PFAS chemicals and public concern, PFAS
production has shifted toward novel replacement molecules in recent years.?* Arp et al.?*
have suggested that millions of PFAS exist today. However, targeted methods for PFAS
analysis focus on only a few dozen compounds.? The implication for the huge gap between
the number of PFAS manufactured and those analyzed is a gross underestimation of
anthropogenic PFAS releases.?® ? In fact, mass balance analyses from several studies have
demonstrated that >90% of the total organic fluorine comes from unknown compounds.
These unknowns could be legacy PFASs that were previously unidentified, new
alternatives, transformation products?® or even PFAS unintentionally created as

byproducts.?’ The development of analytical methods capable of identifying and

characterizing such unknown PFAS is necessary to understand the scope of PFAS
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contamination and serves as the starting point for generating knowledge to inform risk
assessment.*°

Non-targeted screening (NTS) or workflows designed for unknown compound
identification®' has been pivotal in unknown PFAS discovery. Specifically, NTS strategies
based on high resolution mass spectrometry (HRMS) are increasingly common for the
discovery and identification of PFAS in environmental and biological samples.** The utility
of these methods is mainly due to the high-mass spectral resolving power of modern HRMS
instruments, which reduce interferences, and their high mass accuracy, which facilitates
accurate elemental composition determinations.?® NTS-HRMS analytical approaches have
resulted in the discovery of over 750 PFAS, classified into more than 130 different
sub-categories, in carefully chosen environmental samples, biofluids, or commercial
products.’® A challenge with HRMS experiments is finding compounds of interest in the
extensive amounts of data generated.’! To this end, several PFAS recognition strategies

have been employed including mass defect filtering,** ** homologous series searching,>’

29, 36 37, 38

CF> normalized mass defect plots, study design and use of diagnostic
fluorine-containing fragment ions (e.g., CsF7, SO3F°, CoFsO7) and/or neutral losses
(e.g., HF). 3%

Recently, a novel NTS method for revealing the presence of unknown PFAS was
developed by combining HRMS with ion mobility spectrometry (IMS).** IMS enables the
determination of a parameter called the collision cross section (CCS), which depends on

the size, shape and charge of the analyzed ions.*! When CCS is plotted against m/z, PFAS

tend to occupy a region of chemical space defined by CCS < 0.2¢m/z + 100.%° The ability
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of this NTS method to discover PFAS in complex real-world samples such as dust and
industrial wastewater has been achieved using gas chromatography (GC).** Workflows
incorporating liquid chromatography (LC) with IMS-HRMS analysis have been gaining
popularity in environmental analysis.****® However, most focus on targeted screening and
using CCS values as an additional parameter to support compound identification together
with chromatographic retention time and accurate masses.

The goal of this study is to demonstrate the applicability of the novel filtering
criteria based on CCS and m/z to discover unknown PFAS in industrial wastewater samples
analyzed by LC-cIM-HRMS with electrospray ionization (ESI). Once multiply charged
ions do not complicate the region of chemical space occupied by PFAS, this novel NTS
strategy will be useful in aiding complex mixture analysis by LC-cIM-HRMS. Since the
wastewater samples were previously characterized by GC-cIM-HRMS, comparisons will
also be made to determine which method is better suited to unknown PFAS discovery.
Finally, the performance of the analytical method will be evaluated to demonstrate the

reliability of results obtained from it.

3.2. Experimental methods

3.2.1. Chemical standards

Methanol was purchased from Fisher Scientific and was HPLC grade. Ultrapure
water (UP water, 18.2 MQecm) was from an in-house MilliQ supply. Formic acid (96%)
and ammonium acetate (98%) were purchased from Sigma Aldrich (Oakville, ON,
Canada). Ammonium hydroxide (28%) and ethyl acetate (ACS grade) were acquired from

ACP chemicals (Montreal, QC, Canada). “Major Mix” calibration solution was purchased
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from Waters Corporation (Milford, MA, USA). The 18-component PFAS mixture and
perfluorooctane sulfonamide (FOSA) used for spike-recovery experiments were obtained
from Chromatographic Specialties Inc. (Brockville, ON, Canada) and Toronto Research
Chemicals (Toronto, ON, Canada), respectively. Three isotopically labeled analogues were
purchased from Wellington Laboratories (Guelph, ON, Canada). These compounds are
listed in Table B.1 of Appendix B. Stock solutions of 100 pg/uL for native and surrogate
PFAS were prepared in methanol for spiking. A 100 pg/uL methanolic solution of
13C3 PFHxS was also prepared for use as an injection standard. Calibration standards were
prepared at 5 levels from 0.1 to 25 pg/uL. Standards with purity >96% were used as is
while concentrations were corrected for those with purities between 94 and 96%. Each
calibration standard had surrogate and injection standard concentrations of 2 pg/uL to
match the expected concentrations of 2 pg/uL in the final extracts.
3.2.2. Sample collection and preparation

Sampling details for the examined wastewater samples can be found in
Section 2.2.2 and Table A.3. The extraction protocol used to extract the approximately
250 mL wastewater samples was based on a combination of existing methods employing
solid phase extraction (SPE).>* #-! Qasis weak anion exchange (WAX) and Oasis weak
cation exchange (WCX) cartridges (6 mL, 150 mg, 30 um; Waters, Milford, MA) were
used in a tandem configuration. Samples were first vacuum filtered through glass
microfiber filters (GF/F, 0.7 um average pore size, 47 mm diameter). The filter funnel was
rinsed with 5 mL UP water followed by 5 mL 50:50 mixture of methanol/ethyl acetate. This

served as an organic modifier (~2%, v/v) to avoid possible analyte adsorptions in the glass
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filtration apparatus.’> Samples were then spiked with 20 pL of the mixed isotopically
labeled solution consisting of '*C4 PFOA and '3C4 PFOS. After swirling for ~1 min, the pH
was adjusted to 6.4 + 0.2 with 5% formic acid or 1.4 M ammonium hydroxide to ensure
both ion exchange materials were present in the desired charge state.>® Prior to extraction,
SPE WAX cartridges were conditioned sequentially with 4 mL 0.1% (v/v) ammonium
hydroxide in a 50:50 mixture of methanol/ethyl acetate followed by 4 mL 50:50 mixture
of methanol/ethyl acetate and 4 mL UP water. Conditioning for the WCX cartridges
involved the same procedure as for the WAX cartridges except that the 4 mL
0.1% ammonium hydroxide was replaced with 4 mL 0.1% (v/v) formic acid in a
50:50 mixture of methanol/ethyl acetate. Care was taken to avoid the cartridges dying out
at any stage. The two cartridges were then connected together in a tandem mode where the
Oasis WAX cartridge was connected directly to the sample reservoir and Oasis WCX was
attached to the SPE manifold.

Wastewater samples were passed through the cartridge under vacuum at a rate of
1 drop per second. Once loading was complete, cartridges were separated and each washed
with 4 mL UP water followed by 4 mL 25 mM ammonium acetate buffer (pH 4 for WAX,
pH 7.5 for WCX). They were then dried under vacuum for 10 min. WAX cartridges were
subsequently eluted with 2 x 4 mL of 0.1% (v/v) ammonium hydroxide in
50:50 methanol/ethyl acetate, one portion of which was previously used to rinse the sample
bottle. 4 mL 0.1% (v/v) formic acid in 50:50 mixture of methanol/ethyl acetate was used
to elute the WCX cartridges into the same polypropylene tube as the WAX fraction.

Extracts were reduced to <1 mL via nitrogen gas blowdown and then filtered through
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0.2 um regenerated cellulose syringe filters into 2 mL polypropylene vials. Polypropylene
tubes were rinsed with 2 X 0.5 mL methanol and these washings were also filtered into the
2 mL vials to remove any residual analytes from the filter. Extracts were once again reduced
to ~0.5 mL with a gentle stream of nitrogen gas. 20 pL of '3C; PFHxS injection standard
was added, and the final volume was brought to 1 mL with UP water. Extracts were capped

with polyethylene covers and stored at 5 °C until analysis.

3.2.3. Instrumental analysis

Standards and wastewater extracts were analyzed on an Acquity H-Class UPLC
(Waters Corporation) coupled to a cyclic IMS-QTOF mass spectrometer (Waters
Corporation) using an electrospray ionization interface operated in the negative ionization
mode. Chromatographic separation was performed on a Bridged Ethylene Hybrid (BEH)
Cig analytical column (2.1 x 50 mm, 1.7 um, Waters Corporation) held at 40 °C during the
analysis. The gradient®® (water:methanol, both with 0.1% formic acid) was 90:10 at 0 min,
to 50:50 at 4 min, to 5:95 at 17 min, held until 25 min then 90:10 at 25.1 to 30 min at a
flow rate of 200 pL/min. A BEH C;s isolator column (50 x 2.1 mm, 3.5 um) was inserted
between the pumps and injector to trap system PFASs. An injection volume of 10 pL was
used. The source conditions were as follows: source temperature, 150 °C; desolvation
temperature, 250 °C; cone gas, 150 L/hour; desolvation gas, 300 L/hour; cone voltage,
40 V and capillary voltage, 2.0 kV. MS data were acquired over the range m/z 50-1200
using data independent acquisition (DIA) mode. An MSF acquisition method was used with
the collision energy set to 4 eV for precursor ion transmission and a ramp of 10 to 40 eV

used for the high-energy channel to obtain fragmentation data. Leucine enkephalin

79



(m/z 554.26202) was used for mass correction. With a short separation time of 2 ms, the
cyclic ion mobility cell (nitrogen drift gas) was operated in single pass mode. A traveling
wave height of 22 V and wave velocity of 375 m/s was employed to effect separation.
Instrument calibration to measure CCS was performed according to standard procedure

using the 22-component “Major Mix” solution from Waters Corp.

3.2.4. Data processing

Raw data files for method blanks and samples were uploaded into the Progenesis
QI software created by Waters Corporation. The software automatically performed several
processes, including lock mass correction, peak picking, alignment, and deconvolution. A
consolidated list of PFAS substances designated “PFASMaster” was downloaded from the
EPA’s dashboard>* for use in suspect screening. It contained 12034 PFAS chemicals (when
accessed in July 2022) of potential interest based on environmental occurrence,
manufacturing process data and research programs within the EPA. A mass tolerance of
5ppm was used in Progenesis Metascope to execute the suspect screen. Peaks with
tentative identifications were tagged and the entire list exported in .csv format. Microsoft
Excel was then used to perform a 10-fold blank subtraction. Ions that remained were
subjected to the filtering criteria CCS < 0.2em/z + 100 where 150 < CCS <250 A. Finally,

1.55

a script tool (R code) described in Zhang et al.”> was used to filter out chlorinated and

brominated ions, leaving behind potentially fluorinated ones.

3.2.5. Quality Assurance and Quality Control
19 targeted analytes were used to assess method performance characteristics.

Calibration curves were created in TargetLynx (Waters Corporation) by plotting the ratio
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of the area of the analyte to the area of the '3 C4-PFOS surrogate on the y-axis and the ratio
of the concentration of the analyte to the concentration of '*C4-PFOS on the x-axis.
13C5 PFHXxS injection standard was used to correct variations in instrument response due to
ion suppression/enhancement during ESI. Calibration curves ranged between 0.1 to
25 pg/uL (3-5 levels). Method detection limits (MDLs) were estimated from procedural
blanks and were defined as the average concentration of the analytes in the blanks plus the
standard deviation times 6.965 (n=3). For compounds not detected in the blank, MDLs
were estimated as the concentration of chemical generating a signal-to-noise of ~5.
Concentrations were normalized to 0.25 L of UP water. To evaluate the absolute recovery,
accuracy and precision, target PFASs were spiked (2 ng each) in triplicate into 18.2 MQecm
UP water samples. Absolute recoveries were calculated based on a one-point external
standard calibration while concentration values for use in accuracy and precision
determination were obtained from the calibration curves. Confidence in the assignments
for the compounds matched by suspect and non-target screening in Table 3.1, is

characterized using the 5-level scale proposed by Schymanski et al.*

3.3. Results and Discussion

3.3.1. Screening LC-ESI-cIM-MS data for halogenated pollutants based on m/z and

CCS

Figure 3.1a displays the approximately 50,000 ions (4046 suspects) detected by
Progenesis across all samples following a 10-fold blank subtraction. The complex nature

of these samples is obvious, highlighting the need for efficient PFAS recognition strategies.
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The filtering criterion applied here is based on the fact that PFAS and other
polyhalogenated substances contain fewer atoms than their nonhalogenated counterparts
with similar mass and are therefore relatively compact, leading to small CCS values and
high molecular density.*® As such, the region of chemical space defined by
CCS < 0.2em/z + 100 A? is expected to be rich in fluorinated, chlorinated and brominated
compounds. When this filter was applied to the blank subtracted dataset, 2046 ions and 473
PFAS suspects remained. A further restriction of 150 < CCS <250 A? was then imposed to
minimize the false positive discovery of halogenated compounds.*’ However, it is worth

mentioning that shorter chain PFAS*’ (< 6 carbons) can have CCS values less than 150 A?
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Figure 3.1. Experimental CCSn, vs m/z and for (a) approximately 50,000 ions present in
industrial wastewater samples after blank subtraction (10-fold) and (b) only ions
characterized by CCS values that are less than the sum of 100 A? and one fifth of their
mass.

and may be excluded from the analysis. Figure 3.1b illustrates the filtered dataset
containing 937 ions and 278 suspects. Application of the CCS-m/z filter resulted in a
fifty- and fifteen-fold reduction in ions and PFAS suspects, respectively. One hundred

chlorinated/brominated ions were then removed using a previously developed script tool
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that clusters ions based on retention times, isotopic specific mass differences and isotope
ratios.>® The final dataset was comprised of 837 ions that were potentially fluorinated, 245
of which were matched by suspect screening. Even after these extensive filtering steps it is
unlikely that all these compounds are fluorinated. Nevertheless, an in-depth look at this
smaller, more manageable dataset is now possible.

Table 3.1 is a compilation of PFAS tentatively identified through manual
interrogation of the mass spectra of potential PFAS ions in Figure 3.1b. The presence of
several well-known subclasses of PFAS including homologues of perfluorocarboxylic
acids (PFCAs), perfluorosulfonic acids (PFSAs) and fluorotelomer sulfonic acids (FTSAs)
validate the applicability of the CCS-m/z filtering criterion for PFAS discovery in
LC-ESI-cIM-HRMS data. Since members of a homologous series are known to fall on a
diagonal line in DT vs RT plots*’ or CCS vs m/z plots,*” the identification of 1 homologue
facilitated the discovery of others. Seven compounds were assigned with Level 1
confidence using several points of comparison with authentic standards: mass accuracy
<5 ppm, retention time +0.2 min, CCS percent deviation <1.5% (except PFOA) and
agreements between the isotopic ratios of suspects and proposed compounds (£10%).
Level 3 identifications were allocated to candidates that had a homologue identified with
Level 1 confidence and the candidate’s retention time was consistent with the homologous
series. Members of the FTSA homologous series were only recognized as Level 4 since no
member was confirmed with an authentic standard. Their tentative structures (and FOSE’s)
were based on their presence on the PFAS suspect screening list and CCS percent

deviations of less than 5% from published values.®’ Finally, several exact masses of interest
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were assigned a Level 5 status until further resources could be allocated toward their

elemental composition determination and spectral interpretation.

Table 3.1. Summary of compounds tentatively identified by suspect and non-target
screening of LC-ESI-cIM-MS data. CCS (Exp.) and CCS (Std.) are experimentally derived
values for ions in the wastewater samples and authentic standards, respectively while CCS
(Lit.) are literature values from PubChem®’ (underlined values were predicted by
AlICCS®®). The CCS deviation (%) is calculated between CCS (Exp.) and CCS (Std.) in
most cases or between CCS (Exp.) and CCS (Lit.) where CCS (Std.) is unavailable. The
detection frequency (DF) of compounds across samples (n=37) is shown in the last column.

Compound ID Class Structure Elemental ID| ID Ton(s) m/z |Mass| RT | CCS | CCS|CCS|CCS|DF
composition |Lvl|Mtd error |(min)|(Exp.)|(Std.)|(Lit.) | dev
bl (ppm) (%)
PFOA (1) C;F,5-COOH CsHF,50, 1| S| [2M-H] |826.9419| 2.1 |14.89|245.0| - [226.6/8.1 |2
PFDA (2) Perfluoro-—|o & cOOH C,oHF 50, 1 [NTS|[M-H-CO,]'|468.9710| 0.6 |16.94|157.6|157.6/155.6/ 0.0 | 1
PFDoA (3) (C;ergZ;m acids C,,F,3-COOH C,,HF,;0, 1| S| [MH |612.9549 2.1 |19.49]199.7(199.7[192.2| 0.0 | 7
PFTeDA (4) C3F,-COOH C,,HF,;0, 1| S| [MH [712.9480| 1.0 (21.93)222.2222.2{209.9| 0.0 | 1
PFOS (5) Perfluorosulfonic |CsF17-S(=0),0H CgHF,;S0; 1 |NTS| [M-H] |498.9313| 3.2 |15.32170.2|170.2]168.9] 0.0 | 10
PFDS (6) acids (PFSAs)  |CyF,-S(=0),0H CiHF2S0s |3 | S | [M-H] [598.9244| 1.0 [17.91|1944| - |186.9/ 4.0 |3
Perfluoroalkyl-
FOSA (7) sulfonamides | CgF,7-S(=0),NH, CgH.F;NO,S | 1| S | [M-H]  [497.9471 1.8 [15.11|173.3|173.3|163.2] 0.0 | 6
(PFSMs)
FOSE (8) Alcohol-PFSMs  |CF,7-S(=0),NHCH,CH,0H CioHeF17NOS| 4 | S | [M-H]  [541.9730| 1.0 [15.61|189.2| - [180.5(4.8 |9
FOSAA (9) Carboxylic acid- |CsF7-S(=0),NHCH,COOH CHyF;NO,S| 3 | S | [M-HJ [555.9517| 0.0 |1543]187.6| - [181.7)3.3 |7
N-EtFOSAA (10) |[PFSMs CF17-S(=0);N(CH,CH3)CH,CO,H |C;;HgF1;NO,S| 1| S | [M-H] [583.9832| 0.4 |16.94|206.6|204.0[196.8| 1.3 | 2
102 FTS(11)  |Fluorotelomer  |CioF21-CH,CH,-S(=0),0H CHsF,058 | 4| S | [M-H [6269557| 0.9 |19.532153| - [204.2) 54| 6
8:2 FTS (12) sulfonic acid | C4F,,-CH,CH,-S(=0),0H CioHsFi7058 | 4| S | [M-H] [526.9622| 1.2 [16.79/193.6| - |186.4| 38 |8
6-2FTs(13)  |(FTSAs) C¢F13-CH,CH,-S(=0),0H CgHsFisOsS | 4 [NTS| [M-HJ |426.9678| 0.9 |13.67169.4| - [168.5) 0.6 |5
S-1(14) 5 [NTS| [M-H] |386.9561 13.60[ 163.5 2
S-2 (15) 5 |NTS| [M-H] |376.9716 11.90| 158.7 1
S-3 (16) 5 INTS| [M-HJ |534.9566 10.83] 194.9 1
S-4 (17) 5 INTS| [M-H] |518.9617 13.38/192.2 3
S-5 (18) 5 |NTS| [M-H] |494.9556 13.67| 189.6 5
S-6 (19) Unknown sulfur 5 INTS| [M-HJ |455.0017 14.78| 184.3 1
S-7 (20) containing PFAS 5 [NTS| [M-H] |480.0044 3.21(195.4 35
S-8 (21) 5 INTS| [M-HJ [566.9179 15.25| 193.2 10
S9(22) 5 INTS| [M-H] |568.9479 15.43| 193.2 5
S-10 (23) 5 |NTS| [M-H] |535.9523 13.17) 192.1 1
S-11 (24) 5 INTS| [M-HJ |524.9467 16.79| 187.9 9
S-12 (25) 5 INTS| [M-H] [440.9476 13.63| 167.7 13
UK-1 (26) 5 [NTS| [M-H] |564.9224 16.65| 181.8 5
UK-2 (27) 5 |NTS| [M-H] |548.9274 15.97| 179.0 11
UK-3 (28) 5 INTS| [M-HJ [469.9740 16.72| 157.6 2
UK-4 (29) 5 [NTS| [M-H] |498.9404 27.12| 173.3 4
UK-5 (30) 5 INTS| [M-HJ [700.9240 19.42| 208.4 1

3.3.2. GC-APCI-cIM-MS vs LC-ESI-cIM-MS

The results of data filtering based on CCS and m/z for the analysis of wastewater

samples by GC-APCI-cIM-MS and LC-ESI-cIM-MS are summarized in Figure 3.2. Initial
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data reduction strategies previously discussed led to the number of potential PFAS being 2
to 3 times higher for LC than GC, depending on whether the number of potential PFAS
were identified by suspect screening with the “PFASMaster” list or through the NTS filter
CCS <0.2em/z+ 100 with 150 < CCS <250 A. Closer examination of both datasets showed
that many background ions had evaded blank subtraction. For instance, with GC, there
were 66 ions with RT > 7 min that were likely due to column bleed as the oven temperature
was ramped higher toward the end of the analysis. With LC, 371 ions with RT <0.8 min
were suspected to be from the solvent peak. Two example chromatograms of such ions are
shown in Figures B.1 and B.2. To allow for a more meaningful comparison of the data,
these ions were removed. Datasets were then subjected to mass defect analysis. Mass defect
is defined as the difference between the nominal and exact mass of a molecule. PFAS
usually have low or negative mass defects since many hydrogen atoms (each with
Am/z = 0.0079) are substituted with many fluorine atoms (each with Am/z = 0.0016).>
Bugsel and Zwiener*® used a PFAS list of 3213 compounds from the EPA dashboard to
show that 92.8% of PFAS in the database had a mass defect between -0.25 and +0.1. When
this filter was applied to the remaining ions, the ratio of the number of potential PFAS by
LC vs GC remained almost the same for NTS but increased slightly for suspect screening.
To conclude, although three times more PFAS were detected by LC, the difference was not

huge.

e Lo Rl e L L ec
4

lons filteredby NTS 243 837 . - lons filteredby NTS 112 340 3.0
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PFAS suspects 121 245 20  Massdefectfiltering peagyspects 58 154 2.7
0.1t0-0.25

Figure 3.2. Comparison of the results of suspect and non-target screening of wastewater
samples from GC-APCI-cIM-MS and LC-ESI-cIM-MS.
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3.3.3. Effect of multiply charged ions on CCS-mass filtering criterion

Unlike atmospheric pressure chemical ionization (APCI) which primarily generates
singly charged species,” electrospray ionization (ESI) can produce a mixture of singly and
multiply charged ions resulting in increased spectral complexity.® A simple comparison
between Figures 2.1a and 3.3a demonstrates this. Besides the 2 bands of singly charged
halogenated and non-halogenated ions in Figure 2.1a, there are now 3 additional bands of
doubly charged ions in Figure 3.3a. There appears to be no overlap between the doubly
charged ions and the polyhalogenated ones in blue filtered by the model. What about higher
charged ions? Figure 3.3b displays the appearance of the CCS vs mass plot when triply
charged ions are present. The only difference between Figures 3.3a and 3.3b is that an
[M-3H]*" adduct was selected in addition to the [M-H] and [M-2H]* adducts during the
initial import of raw data files into Progenesis QI. Like Progenesis QI, most other
commercial and open access software would be able to recognize multiply charged ions by
their isotope spacing. As a result, any potential interferences by these ions when using this
NTS workflow can be easily removed. Figures 3.3c and 3.3d reproduced from Spro8 et al.®!
and Vakhrushev et al.%? respectively, illustrate the appearance of data when m/z is plotted
versus DT using software such as Driftscope (Waters Corp). Once again, there appears to
be no overlap between multiply charged ions and singly charged ones. However, these plots
are for non-halogenated molecules such as peptides. It’s possible that PFAS will have short
enough drift times that they will occur in the region of m/z vs DT space occupied by doubly

charged ions. Consequently, unknown PFAS discovery in LC-ESI-cIM-MS data processed
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using Driftscope or similar software using DT instead of CCS could be problematic.

Further investigation is required to determine the extent of overlap.

a) CCS>0.20m/2+100 - CCS <0.2em/z+100 - -2 charge b CCS > 0.2em/z+100 + CCS<0.2em/z+100 - -2charge - -3charge
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Figure 3.3. Plots of (a) CCS vs mass for singly (grey and blue) and doubly (red) charged
ions in wastewater samples (b) CCS vs mass for singly (grey and blue), doubly (red) and
triply (purple) charged ions in wastewater samples (¢) m/z vs DT for singly, doubly and
triply charged peptide ions (d) m/z vs DT for singly (A), doubly (B), and triply (C) charged
ionic species of a glycoconjugate mixture. (¢) and (d) were adapted from SproB et al.’!
Copyright © 2019, Springer-Verlag GmbH Germany, part of Springer Nature and
Vakhrushev et al.®* © Copyright 2008, American Chemical Society, respectively.
3.3.4. Evaluation of method performance

Method validation ensures that an analytical procedure is appropriate for its
intended use and generates high quality data.®® To validate the method used in the present

study, several method performance parameters including linearity, absolute recovery,

corrected recovery/accuracy, precision, and MDLs were assessed. Results are summarized
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in Table 3.2. Linearities for all analytes were >0.99. However, due to a high
chromatographic baseline from system contamination for some analytes, the lowest or
lowest 2 calibration standards were excluded resulting in 4- or 3-point calibrations,
respectively. In addition, the highest standard was not included in the calibration for
4 analytes due to signal saturation. Figure B.3 illustrates a sample calibration curve for the
emerging and replacement PFAS 8:2 CI-PFESA (8:2 chlorinated perfluoroether sulfonic
acid). MDLs ranged from 0.1 to 3.1 ng/L for 14 of 19 compounds and were comparable to
MDLs reported in Coggan et al.!* (0.28-1.5 ng/L). Higher MDLs (4-17 ng/L) were obtained
for PFHxA, PFHpA, HFPO-DA and PFHxS while PFOA was present at extremely high
levels in the method blanks. Although the PFAS delay column was used to minimize
interferences from system contamination, post-injection contamination from
poly(tetrafluoroethylene) (PTFE) tubing was still possible leading to the high baseline
signal for some analytes. To achieve lower MDLs in PFAS analysis, PTFE tubing should
be replaced with stainless steel and polyetheretherketone (PEEK) tubing. A greater source
of contamination for most of these analytes with high MDLs was likely PTFE and other
fluoropolymers present in laboratory products®® such as reagents used in sample
preparation or Teflon seals in solvent bottle caps. Nevertheless, MDLs achieved in this
study should suffice for measurements in wastewater where concentrations typically range
from 1-6 orders of magnitude (ng/L).!%17

Acceptable recoveries, defined as 70-125%,! were achieved for 9 analytes. High
recoveries (>150%) were seen for the C6-C8 PFCAs and were most likely due to the

contamination issues previously discussed. ADONA also had a high recovery of 143% but
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it was not present in method blanks. In this case, the cause could be coextracted compounds
that enhance ADONA'’s ionization (i.e., matrix effects), which are observed even in
ultrapure water.®> Longer chain PFCAs (C11-C13), FOSA and 8:2 CI-PFESA had lower

66,67 and can be

recoveries between 38 to 60%. This is consistent with previous studies
attributed to the higher hydrophobicity of these compounds that result in sorption losses
during SPE extraction.®” To correct for these less-than-ideal recoveries as well as possible
ion enhancement/suppression due to matrix effects,®® two mass-labelled internal standards

(IS) were used. However, even the 3C4-PFOA IS was not spared. Figure B.4 demonstrates

a major suppression event that occurred at the retention time for '3C4-PFOA

Table 3.2. Method performance characteristics for wastewater analysis via SPE and
LC-ESI-cIM-MS (n=3).

Recovery Accuracy MDL |Linearity |Linear range| # of
Compound %) RSD (%) %) RSD (%) (ng/L) (RZ) (pg/ul) |standards
PFHxA 170.3 94.2 178.1 50.5 4.0 0.9962 | 2.0-25.0 3
PFHpA 282.6 78.2 3153 78.1 17.2 | 1.0000 | 2.0-25.0 3
PFOA 27484 | 134.8 | 46543.9 | 154.1 [12282.0] 0.9990 | 0.1-25.0 5
PFNA 89.5 24.5 103.0 28.7 0.8 0.9996 | 0.4-25.0 4
PFDA 112.7 18.0 108.9 22.2 0.8 0.9995 0.4-25.0 4
PFUJA 50.7 10.6 47.9 15.0 0.4 0.9985 0.1-23.8 5
PFDoA 44.6 73.8 52.3 22.8 0.1 0.9979 | 0.1-25.0 5
PFTrDA 59.8 95.9 55.8 27.6 2.1 0.9981 0.1-25.0 5
PFTeDA 126.5 133.7 63.7 33.8 2.5 0.9966 | 0.1-25.0 5
L-PFBS 87.7 12.0 103.4 12.5 0.2 1.0000 0.1-8.0 4
L-PFHxS 88.1 12.2 95.7 35.5 7.1 0.9993 0.1-7.0 4
L-PFOS 90.5 23.8 77.4 17.4 3.1 0.9993 0.1-5.7 4
N-EtFOSAA 96.7 53.2 114.0 19.8 1.1 0.9997 | 0.1-23.8 5
N-MeFOSAA| 83.1 29.8 93.3 12.6 1.6 0.9995 0.1-25.0 5
HFPO-DA 97.8 20.1 180.1 13.7 8.0 0.9982 | 2.0-23.8 3
8:2 CI-PFESA| 37.8 65.8 47.0 45.1 0.4 0.9999 | 0.1-25.0 5
6:2 CI-PFESA| 80.6 19.2 99.3 19.1 04 0.9997 0.1-8.0 4
ADONA 143.3 27.1 151.5 27.7 1.6 0.9993 0.4-25.0 4
FOSA 51.0 37.2 65.4 22.7 0.6 0.9999 | 0.1-23.8 5
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(14.10 min) leading to no analyte signal in the 3™ blank and spiked sample. Initially,
13C4-PFOA was being used as the IS for the PFCAs and other monoether-PFCAs. However,
because of this suppression, only 2 blank and spiked replicates would be available for
method performance evaluation. Therefore, '*C4-PFOS was used as the IS for all analytes.
Unfortunately, this resulted in only a slight increase in the recoveries for some compounds,
which previously had lower recoveries and had no effect on that of ADONA.

Inclusion of the IS did however improve the reproducibility or precision expressed
as percent relative standard deviation (RSD) for the CI11-C14 PFCAs, FOSA,
8:2 CI-PFESA, N-MeFOSAA and N-EtFOSAA. Following IS correction, acceptable
precision (<35%) was obtained for 15 of 19 analytes. For HFPO-DA, using the IS changed
the recovery from 98 to 180% suggesting that *C4-PFOS was an unsuitable IS for it.
Gremmel et al.®® noted that structural differences between IS and analyte may lead to
recoveries that are too high or too low. In the absence of structurally identical or similar IS
to improve accuracies, the method can be used to provide semiquantitative results for
C11-C14 PFCAs, FOSA, 8:2 CI-PFESA and ADONA. Quantitative results can be acquired
for HFPO-DA through external calibration since its absolute recovery and reproducibility
are within limits. The method should not be used to quantify the C6-C8 PFCAs in samples

until sources of contamination are investigated and reduced.

3.4. Conclusion

Wastewater samples from several industrial sectors of Ontario, Canada were
subjected to a novel NTS strategy based on CCS and m/z to detect and identify unknown

PFAS. A total of 30 PFAS were tentatively identified through preliminary analyses but the
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presence of over 100 more were indicated. Roughly two times more PFAS were identified
by NTS when compared to suspect screening suggesting the possible existence of
compounds not present in the largest PFAS database. Further investigations are warranted
to determine the structures, uses, sources and distribution of these compounds in the
Ontario environment. The success of the CCS-m/z filtering strategy with LC-ESI-cIM-MS
data in this study opens doors for its applicability to PFAS discovery in other biological
and environmental matrices. Although LC is the separation method of choice for PFAS
analysis, the results obtained here show that GC also has a great deal of potential. The
analytical method developed in this study can be used for the quantification of 9 analytes,
semi quantitation of another 7 and is well suited to the extraction and detection of unknown

PFAS in wastewater.
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Chapter 4. Conclusion and Future Work

Industrial wastewater contains a plethora of chemicals, some of which are known
to be harmful to the environment and human health, and some of which are yet to be
detected, much less studied. In this thesis, wastewater samples from more than 10 industrial
sectors in Ontario were analyzed for halogenated POPs using both gas chromatographic
and liquid chromatographic cyclic ion mobility mass spectrometry (GC/LC-cIM-MS)
methods. Comprehensive screening was achieved via targeted, suspect and non-targeted
methods. NTS was performed using an innovative method that was previously established
by our group to differentiate PFAS and other halogenated compounds from
non-halogenated ones based on the ratio of their CCS and mass. This data prioritization
strategy for identifying halogenated chemicals was simple and effective leading to an
approximately 50- and 80-fold reduction in compounds for LC and GC, respectively. When
combined with suspect screening, a large proportion (48-55%) of the compounds filtered
by NTS remained unmatched by a PFAS suspect screening database. The implication of
this is that the chemical identities of several PFAS existing in the Ontario environment
today are unknown.

Although LC-ESI-MS is favored for PFAS analysis, GC-APCI-MS was shown to
be a valuable and complementary technique for the detection of PFAS. GC results revealed
19 suspected PFAS, including 2 classes that were detected in the environment for the first
time. Targeted analyses showed that legacy pollutants such as PBDEs, PCBs, PCNs, and
OCPs were either not detected or present at low levels. Industrial sectors such as

electroplating, textiles, containerboard manufacturing and petrochemical were found to be
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important emitters of PFAS to the aquatic environment. The novel data prioritization
approach using CCS and m/z, having been developed and validated on GC-APCI-cIM-MS
data, was also found to be applicable to PFAS discovery in complex samples when
analyzed by LC-ESI-cIM-MS despite the presence of multiply charged ions. A limitation
of this was found to be whether CCS or raw DTs were used in data processing. As such,
additional work needs to be performed to better characterize how data filtering is affected
by using DT instead of CCS. Furthermore, the CCS calibration procedure should be
extended to include multiply charged calibrants, which would enable the acquisition of
more accurate CCS values for multiply charged sample ions. Nevertheless, 30 PFAS were
tentatively identified using the NTS workflow. A quantitative method was also developed
and validated for the targeted analysis of 16 PFAS and can be used in the future to
determine the concentrations of these analytes in the wastewater samples.

In both the LC and GC analyses several PFAS were tentatively identified. Besides
those pointed out, more than a hundred others prioritized by NTS remained unexamined.
Several chlorinated/brominated compounds were detected as well. Future work should
focus on establishing the identity of those present at high levels and/or with high detection
frequencies. For the GC work, cleaner mass spectra are required for structural analysis.
This could be achieved by performing sample cleanup, extending the chromatographic run
time or acquiring software to make use of DT alignment. Analytical standards may then
need to be purchased or synthesized to perform more targeted quantifications of the widely
distributed contaminants. This would enable a more informed discussion on possible

sources and uses, and then facilitate attempts to minimize emissions from specific sources.
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After that, their occurrence in other environmental matrices and possibly different
geographical regions could be investigated to determine their relative importance for
continued research into their persistence, bioaccumulation, LRTP and toxicity.

Overall, this study highlighted the importance of regular monitoring campaigns to
detect new, possibly hazardous chemicals being released by different industrial sectors.
Through the use of advanced analytical techniques and data processing strategies, we were
able to gain a better understanding of the types and levels of pollutants present in the
industrial wastewaters of Ontario, which should ultimately lead to more effective strategies

for pollution prevention and control.
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Appendices

A. Appendix A

Table A.1. List of native standards with supplier information, purity and concentration.

Compound Acronym Supplier, purity and concentration
2-(N-ethylperfluoro-1- .

-EtFOSE 1l 0 mL
octanesulfonamido)-ethanol N-EtFOSE | Wellington, 98%, 50 ng/
1,2,3,4,5,7-hexachloronaphthalene PCN-64 Cambridge Isotope Laboratories, 100 pg/mL
1,2,3,4,5,6,7-heptachloronaphthalene |PCN-73 Cambridge Isotope Laboratories, 100 pg/mL
2,4,4'-Trichlorobiphenyl PCB-28
2,2'.5,5'-Tetrachlorobiphenyl PCB-52
2,2:4,5,5 —Pentachlorob%phenyl PCB-101 BP-D7 (mixture), Wellington Laboratories,
2,3',4,4' 5-Pentachlorobiphenyl PCB-118 10 ug/mL each
2,2'4.4'5,5-Hexachlorobiphenyl PCB-153 H
2,2'3,4,4',5'-Hexachlorobiphenyl PCB-138
2,2'3,4,4'5,5'-Heptachlorobiphenyl PCB-180
Phenanthrene - Cambridge Isotope Laboratories, 200 ug/mL
2,2'4.4 -Tetrabrom0d¥pheny1 ether BDE-47 BDE-MXA (mixture), Wellington
2,2' 4 .4'-Tetrabromodiphenyl ether BDE-99 Laboratories, 5 jig/mL each
2,2'4,4',5,5'-Hexabromodiphenyl ether |BDE-153 s
Tris(1,3-dichloro-2-propyl)phosphate | TDCPP Wellington Laboratories, 50 ug/mL
Bis(2-ethylhexyl)-3,4,5,6-tetrabromo- BEHTBP Wellington Laboratories, 50 pg/mL
phthalate
liaﬁi:rfc,;ﬁjh,:;ane gamma-HCH |Cambridge Isotope Laboratories, 100 pg/mL
cis-Chlordane - Cambridge Isotope Laboratories, 100 pg/mL
1,1-Dichloro-2,2-bis(4- 4,4'-DDE Cambridge Isotope Laboratories, 100 pg/mL
chlorophenyl)ethene
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Table A.2. List of isotopically labeled standards with supplier information, purity and
concentration/amount.

Compound Supplier, purity and concentration

13'Clo-PCN-64 Cambridge Isotope Laboratories, 99% 13Clo, 10 pg/mL
C,-PCN-73 Cambridge Isotope Laboratories, 98% BCio, 10 pg/mL
C,-PCB 28

C,-PCB 52
C,,-PCB 101 i
i . . . o
3 C,,-PCB 118 MBP-D7 (mixture), Wellington Laboratories, 99% ~“C,j,
" 5 ng/mL each
C,,-PCB 153
BC,-PCB 138
C,,-PCB 180
C,,-BDE 47 . . :
3 MBDE-MXA (mixture), Wellington Laboratories, 99%
C,,-BDE 99 13
= Ciz, 5 pg/mL each
C,,-BDE 153
Cs-BTBPE Wellington Laboratories, 99% B¢, 50 pug/mL

13C6-gamma HCH |Cambridge Isotope Laboratories, 99% PCs, 100 pg/mL
13C10-chlordane Cambridge Isotope Laboratories, 99% 13C1o, 100 pg/mL

13C12-DDE Cambridge Isotope Laboratories, 99% 13C12, 100 pg/mL
Phenanthrene-D10 [Cambridge Isotope Laboratories, D10 98%, 200 pg/mL
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Table A.3. Summary of details for sampling sites in Ontario, Canada.

Sample ID  |Sector Sampling Date
R1A Other (Printing ink) 15/09/2021
R1B Electroplating 24/11/2021
R1C Plastic manufacturing/recycling 29/11/2021
R1D Other (Automotive) ?

R1E Electroplating 01/12/2021
RI1F Computers/semiconductors 20/10/2021
R1G Other (Cannabis production) 27/10/2021
R1H Foam insulation 03/11/2021
R11 Foam insulation 10/11/2021
R1J Containerboard manufacturing 17/11/2021
WWTP (E2) [WWTPs (E) 13/09/2021
WWTP (E1) [WWTPs (E) 13/09/2021
WWTP (12) |[WWTPs (I) 13/09/2021
WWTP (11) [WWTPs () 13/09/2021
R2A Electroplating 13/09/2021
R21 Cosmetics & personal care products [13/09/2021
R2E Petrochemical 13/09/2021
R2F Containerboard manufacturing 13/09/2021
R2B Chemical manufacturing 13/09/2021
R2G Containerboard manufacturing 13/09/2021
R2H Textile 13/09/2021
R2D Truck washing 13/09/2021
R2C Chemical manufacturing 13/09/2021
R3A Truck washing 20/09/2021
R3B Truck washing 20/09/2021
R3C Plastic manufacturing/recycling 21/09/2021
R3D Other (Refrigeration) 21/09/2021
R3E Chemical manufacturing 21/09/2021
R3F Petrochemical 05/10/2021
R3G Chemical manufacturing 19/10/2021
R3I Other (Storm discharge) 19/10/2021
R4A Computers/semiconductors 19/10/2021
R4B Electroplating 19/10/2021
R4C Electroplating 19/10/2021
R4D Textile 22/10/2021
R4E Computers/semiconductors 22/10/2021
R4F Cosmetics & personal care products [19/10/2021
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Table A.4. Method performance data for wastewater analysis via LLE and GC-HRMS

(n=3).

Compound Recovery (%) |[RSD (%) |Accuracy (%) |[RSD (%) |MDL (ng/L)|Linearity (Rz) Linear range (pg/uL)
PCN-64 46.5 35.6 93.4 13.0 2.4 0.998 0.32-200
PCN-73 24.2 30.7 142.4 453 3.5 0.997 0.32-200
PCB 28 72.0 19.8 106.0 333 2.1 0.999 0.32-200
PCB 52 49.2 32.1 87.0 8.8 3.2 0.999 0.32-200
PCB 101 51.2 35.5 88.7 14.7 2.6 0.996 0.32-200
PCB 118 57.3 31.0 95.3 22.9 1.8 0.997 0.32-200
PCB 153 60.8 26.3 75.6 14.3 2.3 0.999 0.32-200
PCB 138 49.0 17.9 74.6 19.9 1.9 0.999 0.32-200
PCB 180 47.2 41.4 100.2 27.5 2.2 0.996 0.32-200
Phenanthrene 65.3 29.6 162.8 16.2 71.3 0.999 0.32-200
BDE-47 48.7 43.5 70.8 14.0 2.0 0.999 0.256-160
BDE-99 39.3 53.7 81.4 73 4.2 0.991 0.256-160
TDCPP 46.1 34.5 64.0 34.7 1.3 0.999 0.256-160
BEHTBP 48.1 30.4 59.4 22.7 2.8 0.990 0.256-160
gamma-HCH 51.4 31.0 88.7 7.9 10.8 0.999 0.32-200
cis-Chlordane 61.9 30.5 934 23.2 0.4 0.997 0.32-200
4,4-DDE 27.4 36.8 84.4 8.1 3.0 0.999 0.32-200
BDE153 48.2 53.6 118.8 45.9 2.9 0.998 0.32-200

Table A.5. Method performance data for filter analysis via ASE and GC-HRMS (n=3).

Compound Recovery (%) |RSD (%) | Accuracy (%)|RSD (%)|MDL (ng/L)|Linearity (RZ) Linear range (pg/ul)
PCN-64 59.0 22.6 79.8 6.8 1.0 0.999 0.32-200
PCN-73 72.4 19.0 89.3 21.5 1.6 0.998 0.32-200
PCB 28 91.3 23.1 73.9 10.6 1.2 0.999 0.32-200
PCB 52 36.4 233 79.8 16.9 2.6 0.994 0.32-200
PCB 101 48.3 29.7 102.4 9.2 1.5 0.999 0.32-200
PCB 118 67.9 59.1 100.6 9.9 1.5 0.998 0.32-200
PCB 153 85.5 30.1 110.1 124 2.2 1.000 0.32-200
PCB 138 69.0 234 109.1 13.6 2.2 1.000 0.32-200
PCB 180 14.0 65.5 109.7 16.3 2.2 0.998 0.32-200
BDE-47 11.7 81.3 76.5 8.2 2.7 1.000 0.256-160
BDE-99 109.6 60.4 83.0 18.4 2.1 0.993 0.256-160
TDCPP 158.2 51.5 17.5 52.6 0.4 0.999 0.256-160
BEHTBP 81.7 40.8 64.7 17.5 1.7 0.990 0.256-160
gamma-HCH 33.0 254 119.1 30.7 11.5 0.998 0.32-200
cis-Chlordane 75.5 36.5 103.3 3.9 1.7 0.997 0.32-200
4,4-DDE 80.3 43.8 95.0 5.9 1.4 0.999 0.32-200
BDE153 91.6 13.5 99.7 20.3 14 0.998 0.32-200
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Table A.8. Summary of descriptive statistics for concentrations of analytes in wastewater
(ng/L) with DF > 1. For DF=1, minimum value is the estimated MDL.

Compound Min Q1 Median | Mean Q3 Max DF
PCB-52 16.6 1056.3 | 2096.1 | 2096.1 | 3135.9 | 4175.6 2
PCB-101 2.6 - - - - 99.0 1
Phenanthrene 71.4 260.2 448.9 | 8604.5 | 12871.1|25293.3 3
BDE-47 2.0 2.8 3.6 5.1 6.7 9.8 3
BDE-99 4.3 6.0 7.6 7.6 9.2 10.9 2
TDCPP 1.4 4.3 11.4 29.5 36.5 201.6 28

Table A.9. Summary of descriptive statistics for concentrations of analytes in filter papers
(ng/L) with DF > 1. For DF=1, minimum value is the estimated MDL.

Compound Min Ql Median | Mean Q3 Max DF
PCB-52 2.6 - - - - 3.6 1
PCB-101 1.5 - - - - 18.5 1
PCB-118 2.0 3.4 4.8 4.8 6.1 7.5 2
PCB-153 2.2 - - - - 16.6 1
PCB-138 4.0 4.6 5.2 10.6 13.9 22.6 3
BDE-47 6.2 11.9 14.9 16.9 19.9 31.6 4
BDE-99 2.0 - - - - 6.8 1
TDCPP 0.7 1.2 1.9 1.8 2.5 3.0 4
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B. Appendix B

Table B.1. List of native and isotopically standards with supplier information, purity and
concentration.

. . Purity | Concentration
Type Compound Abbreviation Supplier %) (ug/mL) CAS Number
Native  |Perfluorohexanoic acid PFHxA 100 2.012 307-24-4
Native  |Perfluoroheptanoic acid PFHpA 99 2.016 375-85-9
Native  |Perfluorooctanoic acid PFOA 100 2.004 335-67-1
Native  |Perfluorononanoic acid PFNA 97 2.018 375-95-1
Native  |Perfluorodecanoic acid PFDA 98 1.976 335-76-2
Native  |Perfluoroundecanoic acid PFUJA 95 2.01 2058-94-8
Native  |Perfluorododecanoic acid PFDoA 100 2.02 307-55-1
Native  [Perfluorotridecanoic acid PFTrDA 100 2.032 72629-94-8
Native  |Perfluorotetradecanoic acid PFTeDA Chromatographic| 97 2.01 376-06-7
Native |Perfluorobutane sulfonic acid PFBS Specialties Inc 100 2.032 375-73-5
Native  [Perfluorohexane sulfonic acid (Linear 88% and Branched 12%) [PFHxS 100 2.012 355-46-4
Native  |Perfluorooctane sulfonic acid (Linear 71% and Branched 29%) |PFOS 100 2.04 1763-23-1
Native  |N-ethylperfluorooctanesulfonamidoacetic acid (linear) N-EtFOSAA 94.4 2.009 2991-50-6
Native  |N-methylperfluorooctanesulfonamidoacetic acid (linear) N-MeFOSAA 99.6 2.02 2355-31-9
Native  |4,8-Dioxa-3H-perfluorononanoic acid (PFECAs) ADONA 98 2.031 919005-14-4
Native  |11-Chloroeicosafluoro-3-oxaundecane sulfonic acid 8:2 CI-PFESA 98 2.023 763051-92-9
Native  |9-Chlorohexadecafluoro-3-oxanone sulfonic acid 6:2 CI-PFESA 98 2.002 756426-58-1
Native  |Perfluoro(2-methyl-3-oxahexanoic) acid (PFECAs) HFPO-DA/Gen X 95.7 2.029 13252-13-6
Native  |Perfluorooctane sulfonamide FOSA TRC 95 - 754-91-6
Surrogate |Sodium perfluoro-1-[1,2,3,4-13C4]-octanesulfonate 13C4-PFOS Wellington 98 50 960315-53-1
Surrogate | Perfluoro-n-[1,2,3,4-13C4]octanoic acid 13C4-PFOA Wellington 98 50 960315-48-4
Injection |Sodium perfluoro-1-[1,2,3-13C3]-hexanesulfonate 13C3-PFHxS Wellington >99 50 2708218-86-2
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Figure B.1. Extracted ion chromatogram (XIC) for a background signal
(8.23_414.9953m/z) remaining after blank subtraction in the GC-APCI-cIM-MS dataset.
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1: TOF MS ES-
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Figure B.2. (a) Extracted ion chromatogram (XIC) for a background signal
(0.54_519.8446m/z) remaining after blank subtraction in the LC-APCI-cIM-MS dataset
(b) Total ion chromatogram showing the ion’s likely origin from the solvent peak.

109



Compound name: 8:2 CI-PFESA

Correlation coefficient: r = 0.999926, 2 = 0.999853

Calibration curve: 1.02526 * x + -0.102478

Response type: Internal Std (Ref 21 ), Area * (IS Conc. /1S Area )
Curve type: Linear, Origin: Exclude, Weighting: Null, Ads trans: None

X
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1 pglul

Response
L

Figure B.3. Internal standard calibration curve for the emerging and replacement PFAS
8:2 CI-PFESA (8:2 Chlorinated perfluoroether sulfonic acid).

110



a) MB-2023-04-14-CS 3 1: TOF MS ES-
100- 14.10 371.986 0.0100Da
1 3.29e4
o
0 R L L L L B R I
12.00 13.00 14.00 15.00
b) MB-2023-04-14-B3 1: TOF MS ES-
B 13.91 14.10 371.986 0.0100Da
100 535
j 1431 1478 1511
<]
07 UL DL T T T L I L LA B
12.00 13.00 14.00 15.00
c) MB-2023-04-14-QAQC 3 1: TOF MS ES-
_ 371.986 0.0100Da
100
. 1424 1471 1485 2486
] 12.3712.66
11761190 1291559
. 13.74
O_ LI B B T T T T T T T T T T T 1 Tlme

12.00 13.00

T T T ‘
14.00

15.00

Figure B.4. Extracted ion chromatogram (XIC) for '*Cs-PFOA (14.10 371.986) in (a)
Recovery standard 2 pg/uL (b) Blank 3 and (c) Spiked sample 3 showing signal

suppression.
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