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Abstract 

As novel chemicals and materials are discovered and manufactured, the concentration 
and diversity of environmental contaminants increase. The fate and distribution of 
contaminants depend both on intrinsic chemical properties and extrinsic environmental 
conditions. When chemicals pollute water, they can leave that environmental compartment 
via loss to the air, sorption processes (e.g., to soils, plants, microplastics), or accumulation in 
organisms. Some contaminants persist over long timescales, eventually degrading or 
transforming. To understand and predict contaminant behaviour, it is key to characterize 
their physicochemical properties and analyze their environmental partitioning. Here, mass 
spectrometry (MS) is employed to achieve the sensitivities required to analyze chemicals at 
environmentally relevant concentrations. A direct MS approach, condensed phase membrane 
introduction mass spectrometry (CP-MIMS), is used to investigate legacy pollutants such as 
polycyclic aromatic hydrocarbons (PAHs), and emerging pollutants such as microplastics, 
nonylphenol, and para-phenylenediamine quinones (PPDQs). Using CP-MIMS, the sorption 
kinetics (𝑘’sorb) and thermodynamics (𝐾OC) between microplastics and chemical 
contaminants (nonylphenol and PAHs) were analyzed. Plastic and sediment partitioning and 
aqueous solubility of PPDQs were also characterized. Lastly, chemical partitioning was 
analyzed in a pregnant sixgill shark (Hexanchus griseus) collected from the Strait of Georgia in 
2019. CP-MIMS was initially used and provided important preliminary data that informed the 
application of appropriate conventional approaches. High resolution mass spectrometry 
(HRMS) and inductively coupled plasma optical emission spectroscopy (ICP-OES) was used to 
analyze the concentrations and maternal transfer of perfluoroalkyl substances (PFAS) and 
heavy metals, respectively, in this unique biological specimen. 
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Chapter 1: Introduction 

1.1 Fate and distribution of trace pollutants 

In the 21st century, increased urbanization has led to a rising number of 
anthropogenic environmental contaminants.1–3 A contaminant is defined as substances 
present at higher levels than expected or ideal, and may be pollutants with adverse 
biological impacts.4 The diversity of chemicals (e.g., perfluoroalkyl substances) and 
materials (e.g., plastics) polluting the environment increase as new substances are created 
and used.5 The distribution and fate of environmental contaminants involves many 
compartments as illustrated in Figure 1.1.1 including water, sediment, air, and biota.6 The 
physical and chemical properties of a chemical govern its environmental partitioning, and a 
compound released in the environment may not stay where it was first introduced. Aquatic 
contaminants are of particular concern because water sources are often biota-rich and can 
function as highways for the distribution of contaminants across large geographical areas.7 
Aquatic contaminants can exit that environmental compartment via loss to the atmosphere, 
sorption to other matrices (such as sediments, plants, plastics), or bioaccumulation within 
organisms.5,6 Compounds that remain in the bulk aquatic phase will eventually undergo 
physical, chemical, or biological transformation into different compounds.6,8 Chemistry 
creates chemicals and materials which benefit humanity but can result in unintended 
environmental consequences. Just as true, the only means to understand and solve such 
problems lie in chemistry. 

 
Figure 1.1.1. Potential distribution pathways for a chemical (represented here by 
a red star) within and out of an aquatic environment. The processes are governed 
by air-water partitioning (KAW), sediment- and plastic-water partitioning (KD), 
aqueous solubility (𝐶w

sat), and bioconcentration (which can be measured with a 
bioconcentration factor (BCF)).9 

 
The level of risk of a compound is increased with its toxicity, environmental 

persistence, mobility, and bioaccumulation potential, all of which are relevant to 
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environmental impact.10 The more persistent, or resistant to degradation a compound is, 
the longer its half-life.6 The more mobile, the greater global distribution it will have. Many 
persistent organic pollutants (POPs) display toxicity effects at trace concentrations, such as 
6PPD-quinone which has a LC50 for juvenile coho in the part per billion (ppb) range (95 μg 
L-1).11 Bioaccumulation can result in biomagnification up a food web,8 culminating in 
threateningly high levels in apex predators.12 For example, polychlorinated biphenyls 
(PCBs) have been banned near-globally for decades because of their carcinogenicity, but 
despite bans and low environmental concentrations (ppb), the levels within organisms are 
known to accumulate to concentrations 1000× that observed in the water column,13 even 
up to 1300 mg kg-1 in orca blubber.12 To fully understand the behaviour of a given 
contaminant in the environment, both its fate and distribution must be considered. This 
analysis can be accomplished via chemical measurement of the contaminant’s 
physicochemical properties and its abundance in different environmental compartments. 

Within its lifetime, the environmental partitioning of a compound is governed by its 
specific physicochemical properties. To what extent a compound exists in the atmosphere, 
dissolved in water, or bound to sediment depends on many factors including air-water 
partitioning (KAW), sediment sorption equilibria (KD), solubility (𝐶w

sat), hydrophobicity 
(KOW), and vapour pressure (p*).9 Contaminants that accumulate in organisms at greater 
rates than they are excreted bioaccumulate, and to what extent and where this occurs is 
also compound specific. Hydrophobic, lipophilic organic pollutants tend to accumulate in 
fatty tissue including livers, while elemental contaminants may accumulate in other organs 
(e.g., both necessary Ca2+ and toxic Pb2+ accumulate in bones)14 depending on their size, 
charge, and polarizability.6 Some contaminants may be passed from mother to offspring 
through a process termed maternal transfer, however the potential for this process to 
occur, and its efficiency, is governed by species-specific biological transfer mechanisms and 
the properties of the compounds. Characterizing and controlling environmental 
contaminants is a monster of many heads, as both old and new chemicals and materials are 
discovered to be contaminants of concern. Characterization of physicochemical properties 
enables predictive modelling to help achieve a better understanding of the fate and impact 
of environmental contaminants.15 

The fate of a contaminant encompasses the changes that can occur to the compound. 
Contaminants can weather physically via exposure to physical and chemical processes, 
with their physical and chemical properties changing accordingly. They can chemically 
transform via oxidation (such as photo-oxidative or thermo-oxidative weathering) or 
reduction processes. Metabolic processes within biota may also transform contaminants 
into different chemical forms or different compounds altogether. Elemental compounds can 
change their oxidation state, their chemical speciation, or may decay into a different 
element if they are unstable but are otherwise significantly more persistent than organic 
contaminants.6 Ultimately, even the most persistent organic pollutants will eventually 
oxidize or reduce completely. 

Differing chemical properties result in multiple categories and levels of risk and 
thus specific regulations for contaminants of concern. There are many classes of pollutants, 
with different regulatory bodies placing suggestions, limitations, and bans for the allowable 
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concentration levels released to the environment and levels permissible in drinking 
water.16 The Stockholm Convention on Persistent Organic Pollutants in 2001 organized a 
list of such compounds with the aim of eliminating organic contaminants that are 
persistent, bio-accumulative, and pose risk to human and environmental health. The list of 
contaminants of emerging concern is always being refined and updated with new 
information,17 and which contaminants are considered ‘emerging’ is a matter of 
perspective. Certain legacy pollutants persist ubiquitously in the environment, even after 
the enforcement of stringent regulations and bans as is the case with PCBs.12 Some ‘older’ 
pollutants may never be meaningfully eliminated in our lifetimes, but the longer a harm has 
been known, the more time scientists have been given to study the contaminant with the 
aim of implementing remediation efforts and preventing future harm. 

Heavy metals and polycyclic aromatic hydrocarbons (PAHs) are examples of 
ubiquitous and persistent environmental pollutants.18 Some metals are necessary for 
biological health, but others can be incredibly toxic. Some PAHs have been classified as 
carcinogenic or possibly carcinogenic to humans.5 Both types of contaminants have been 
found to accumulate in organisms and persist over long timescales (e.g., decades in the case 
of select PAHs, while many inorganic elements are so stable that they will not meaningfully 
degrade)6,19 and can be considered legacy contaminants. Heavy metals can be introduced to 
the environment by anthropogenic activities including industries (e.g., mining) and 
pollution and will persist in the environment very effectively. PAHs are formed in natural 
processes and created or released to the environment through anthropogenic means such 
as fossil fuel extraction and incomplete combustion.18 Both contaminant classes have been 
relatively well-studied compared to ‘newer’, emerging contaminants. 

Contaminants of emerging concern are often accompanied with a greater paucity of 
data for their toxicity impacts and physicochemical properties relative to established, 
legacy contaminants. These include agrochemicals, pharmaceuticals, personal care 
products, plastics, and plastic additives.7,10 In brief, these compounds are produced because 
they have useful applications. Surfactants such as perfluoroalkyl substances (PFAS) and 
nonylphenol are examples of useful compounds which have more recently drawn concern. 
PFAS, typically used for water-resistant applications,8 are colloquially known as ‘forever 
chemicals’ because of their environmental persistence and show evidence of negative 
health impacts.20,21 Like PFAS, nonylphenol is a compound with a myriad of industrial 
applications,22 but has also been discovered to demonstrate endocrine disrupting effects.23 
In the early 2000s, nonylphenol was discovered to co-occur with another type of emerging 
contaminant, microplastics, as it found use as a plastic additive.24 

Unlike the other pollutants discussed here, microplastics are solids which can cause 
physical health impacts such as blockages, damage, and reduced nutrient absorption when 
organisms mistake them for food items.25 Plastics production increased in the 1940s,26 and 
microplastics were first defined in 2004.27 Microplastics are pieces of plastic size 1 μm–5 
mm, and are termed nanoplastics when smaller (1–1000 nm).28 Ultimately, smaller plastics 
are created when plastics are exposed to sun, oxygen, and physical abrasion.29 Such 
weathering processes are inevitable when plastics are left in the environment, resulting in 
increased surface area and polar surface character,29,30 altering the properties of this 
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pollutant. Microplastics may act as environmental vectors of chemical contaminants.7,28 
Because of the lighter density of most plastics relative to water, these co-occurring 
pollutants could have increased mobility.10 Through processes of sorption and desorption, 
chemicals can bind reversibly or irreversibly to plastics, or leach from them.2 

One key example of emerging concern for plastics leaching chemical pollutants 
arises from tire wear particles (TWPs) on roadways.31 Para-phenylenediamine quinones 
(PPDQs) are derived from the ozonation of para-phenylenediamine (PPD) antiozonants 
added to tire rubber to sacrificially react with ozone.31 The compound (N-(1,3-
dimethylbutyl)-N’-phenyl-p-phenylenediamine-quinone (6PPDQ), was discovered in a 
recent 2020 landmark paper by Tian et al. to be the cause of mass deaths of coho salmon in 
the Pacific Northwest.31 Since its initial discovery, 6PPDQ and analogous compounds have 
been identified and quantified in road dust, sediments, snowmelt, fish tissues, and other 
matrices.32–36 The toxicity has been further studied for coho salmon, brook trout, rainbow 
trout, and other fish.11,37,38 These additives and transformation product compounds leach 
from tire rubber into waterways, and the environmental and physicochemical behaviour of 
these compounds are still largely undefined. 

The toxic or persistent aspect of different chemical pollutants cause them to be of 
concern to scientists, health officials, and different governments and industries.15 To fully 
contextualize the scale and fate of pollution, accurate, precise, and sensitive chemical 
measurement is required. Analytical chemistry techniques can be applied to quantify the 
presence and abundance of chemicals in different environmental compartments (e.g., air, 
water, sediment, microplastics) and biological organisms (and the different tissues 
therein). Chemical partitioning in different environmental compartments can be further 
elucidated with physical chemistry techniques. These physicochemical properties can be 
used to improve computational modelling systems used to predict chemical distribution 
and transformation and toxicity mechanisms.39–41 To back up lab-based studies, it is 
necessary to measure the distribution of chemical contaminants in real-world 
environmental samples. However, if the analytes are present, or worse toxic, in 
environmental samples at levels lower than the sensitivity of the applied analysis 
technique, they will not be measured. This information can and must be accessed with 
sensitive and selective analytical instrumentation. 

1.2 Measurement and analysis 

To measure the concentration of a chemical in a sample, an appropriate analytical 
technique must be selected. Environmental samples are complex, containing mixtures of 
analytes at broad ranges of concentrations and additional matrix components (e.g., salts, 
dissolved organic material, sediments) which may interfere with a measurement. Different 
instrumental techniques are well-suited to different contaminant classes (e.g., polar or 
nonpolar organic contaminants, metals) with differing levels of selectivity and sensitivity. 
No single analytical instrument is a universal analyzer capable of measuring all pollutants. 
Techniques such as Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 
can be applied for trace elemental analysis, while most organic contaminants can be 
measured sensitively with some form of gas chromatography mass spectrometry (GC-MS) 
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or liquid chromatography mass spectrometry (LC-MS). These techniques are sensitive and 
selective, but under certain circumstances alternative approaches like direct analysis with 
mass spectrometry can be applied with equal efficacy or unique benefits.42,43 

To quantify the concentration of metals, a conventional approach involves an 
inductively coupled plasma (ICP) torch.42 The ICP torch is used to atomize and ionize the 
elements present in a sample, and different detectors can then be used to identify and 
quantify the elements present. ICP can be coupled to mass spectrometry (ICP-MS) or 
optical emission spectroscopy instrumentation (ICP-OES). For ICP-MS, ions formed in the 
plasma can be directed to a mass spectrometer where they are analyzed based on their 
mass-to-charge ratio (m/z). ICP-OES measures light intensity at element-specific emission 
wavelengths. Atoms in the plasma can become electronically excited. After excitation, 
electrons return to a lower energy state, and emit photons of wavelengths that are specific 
to the energy differences between the electronic levels. ICP-OES allows the intensity of the 
emission at each wavelength to be quantified. The specificity is somewhat lower in ICP-OES 
compared to ICP-MS as metals may share the same or similar emission wavelengths for 
some electronic transitions and ICP-MS also has the added advantages of higher 
sensitivities, larger linear dynamic ranges, and the ability to distinguish elemental 
isotopes.42,44 However, the sensitivity and selectivity offered by ICP-OES makes the 
approach well-suited for many analyses and emission wavelengths can be chosen that 
maximize sensitivity and minimize interferences in analysis.42 

In analytical chemistry, mass spectrometric techniques are often favoured over 
spectroscopic techniques because of the sensitivity, selectivity, and precision that mass 
spectrometry (MS) offers. To be detected with MS, a molecule must first be ionized. Every 
molecule has mass (m) and, when ionized, they are given a charge (z). MS measures 
analytes by their m/z ratio which can help elucidate the identity of a molecule. Prior to MS 
analysis, molecules typically undergo separation via chromatography, then the separated 
molecules are ionized in the mass spectrometer’s ionization source. These ions are sorted 
by their m/z by the mass analyzer, and finally measured by the detector. In 
chromatographic separation, the time it takes for an analyte to elute through the 
chromatography column (the retention time) is based on the properties (e.g., size, 
hydrophobicity/hydrophilicity, vapour pressure) specific to that analyte which govern its 
affinity for the stationary (column material) and mobile (gas or solvent) phases.43 Unique 
compounds with identical m/z ratios can be discriminated if their retention times differ. 

For MS, the types of ionization sources are diverse, and different sources are better 
equipped to ionize different analytes based on their chemical structure. Electron ionization 
(EI) is a technique which can analyze both polar and nonpolar analytes. In EI, neutral gas-
phase analytes are directed to an EI source where a controlled electron beam (typically 70 
eV) strikes the molecules with the energy required to form a radical cation (Equation 
1.1).43 This approach has some advantages (e.g., the fragmentation patterns are 
reproducible which allows for reference library searches) but it is a hard ionization method 
which can result in complete fragmentation and no stable formation of the parent ion.43 

𝑀 +  𝑒− →  𝑀+•  +  2𝑒−       (Equation 1.1) 
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EI is typically coupled to GC sample introduction as molecules must be in the gas phase to 
be ionized, but it can be coupled to LC methods in a process called liquid electron ionization 
(see Figure 1.2.1A).45 The LEI interface uses a combination of low liquid flows, heat, and a 
co-axial gas flow to enable vaporization of the solvent and analyte molecules. These gas-
phase compounds can then be directed towards the EI source for ionization (see Figure 
1.2.1B for a simplified image of the LEI interface and an EI source). 

 
Figure 1.2.1. A) Liquid electron ionization (LEI) interface adapted from 
Vandergrift et al. 46 and simplified electron ionization (EI) source. 

 
Chemical ionization (CI) applied in this thesis has a similar ionization source as EI 

with slightly altered geometry. Unlike EI, CI is a soft ionization technique which often 
results in a protonated or deprotonated parent molecular ion without extensive 
fragmentation. In CI, the electron beam ionizes a reagent 47 forming reagent ions which 
then ionize the analyte of interest by forming charged adducts or through proton-transfer 
reactions.43,48 Equations 1.2–1.3 show the example formation of the 𝐶𝐻3𝑂𝐻+• and 
𝐶𝐻3𝑂𝐻2

+ reagent ions from methanol in the CI source, with Equations 1.4–1.5 showing 
the probable mechanisms of formation for protonated molecular ions. 

𝐶𝐻3𝑂𝐻 +  𝑒− →  𝐶𝐻3𝑂𝐻+•  +  2𝑒−   (Equation 1.2) 

𝐶𝐻3𝑂𝐻+• +  𝐶𝐻3𝑂𝐻 →  𝐶𝐻3𝑂• + 𝐶𝐻3𝑂𝐻2
+           (Equation 1.3) 

𝐶𝐻3𝑂𝐻2
+ + 𝑀 →  𝐶𝐻3𝑂𝐻 + [𝑀 + 𝐻]+       (Equation 1.4) 

𝐶𝐻3𝑂𝐻+• +  𝑀 →  𝐶𝐻3𝑂• + [𝑀 + 𝐻]+      (Equation 1.5) 

A third type of ionization is electrospray ionization (ESI), another soft ionization 
technique. This approach is extremely sensitive to pH-ionizable analytes as ionization is 
often achieved through protonation. However, ESI is rarely applied to nonpolar analytes as 
their ionization energy requirements are much greater than polar analytes which can be 
more easily be protonated, deprotonated, or form metal adducts.43 In ESI, a voltage is 
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applied to a metal capillary through which solvent, in which the analyte is dissolved, is 
flowing. In the positive ionization mode illustrated in Figure 1.2.2, the applied electric 
potential results in a current flow which pulls electrons towards the electrode and away 
from solution. This oxidation reaction causes positive charge to build up at the tip of the 
solvent exiting the capillary. The buildup of charge forms a pointed Taylor cone (see Figure 
1.2.2) because of the Coulombic repulsion between the positive ions. When the charge 
density reaches a critical level, a jet of solvent is formed which is attracted towards the 
source inlet. This jet breaks down, forming positively-charged droplets which further repel 
each other, breaking into smaller droplets as the solvent evaporates and the droplets 
become more unstable. The nebulized solution of ionized analytes are attracted to the ESI 
source inlet. There are multiple mechanisms of ionization at play in ESI, such as the ion 
evaporation model and charged-residue model.43 In the ion evaporation model, the ion 
simply evaporates from the surface of the solvent droplet, while in the charged-residue 
model the solvent molecules evaporate while imparting a charge or multiple charges on the 
compound.43,49 Which model acts dominantly depends on properties such as the presence 
of functional groups and the size, and thus relative volatility, of the analyte.43 

 
Figure 1.2.2. Simplified positive-mode electrospray ionization (ESI) 
mechanism. 

 
In turn, ionization sources can be coupled to different mass analyzers with different 

levels of specificity and sensitivity. In this thesis, three types of mass analyzers were used: 
single quadrupole, triple quadrupole, and an Orbitrap high resolution mass spectrometry 
(HRMS) instrument. All mass analyzers control the movement of ions in some way, by 
carefully controlling and manipulating electromagnetic fields. A single quadrupole guides 
ions with defined m/z ratio to a MS detector. A quadrupole consists of four metal rods to 
which direct current and alternating radio frequency are applied (see Figure 1.2.3A).43 
Ions are attracted or repelled to the alternating charge applied to the quadrupoles, and 
thus can be manipulated across space to a detector. All ions can be passed through 
sequentially (this mode is termed a Full Scan), but if there is a specific analyte of interest, 
the current applied to the quadrupoles can be adjusted to only permit ions of a specific m/z 
to pass (termed a Selected Ion Monitoring (SIM) scanning mode). 
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A triple quadrupole uses three of these quadrupoles in series (see Figure 1.2.3B) 
and provides additional selectivity through tandem mass spectrometry (MS/MS). Ions of a 
defined m/z ratio are allowed to pass through the first quadrupole, then exposed to an 
inert gas (e.g., nitrogen) in the second quadrupole where collisions between ions and gas 
molecules result in smaller fragment progeny ions.43 Finally, in the last quadrupole either 
fragments with specific m/z are passed through to the detector, or all fragment ions are 
passed. The reason why tandem mass spectrometry is useful is because it is possible for 
unique molecules to have the same initial m/z, but the way ions fragment is dependent on 
their chemical structure. Fewer molecules will have identical parent ion → progeny ion 
(m/z → m/z) transitions. Full Scan and SIM mode are still possible with triple quadrupoles, 
but Selected Reaction Monitoring (SRM, monitors an ionic fragmentation pathway) and 
Multiple Reaction Monitoring (MRM, monitors at least two ionic fragmentation pathways) 
modes add additional specificity even when quadrupole mass analyzers only have unit 
mass resolution. 

An Orbitrap mass analyzer has unique high specificity due to its high mass 
resolution. The electric field curvature of the Orbitrap is due to the complex shape of the 
electrodes (Figure 1.2.3C) and governs the movement of ions. The ions induce an image 
current on the outer electrodes as they move in complex patterns around the central 
electrode, and the axial oscillation of a given ion’s motion (𝜔𝑧) can be converted to its 
m/z.43 Due to the high precision of the m/z measurement, Orbitraps have high mass 
resolution much greater than the unit mass resolution of most quadrupole instruments. For 
example, the isotopic mass of one sulfur (31.972071 u) and two oxygens (31.98983 u) can 
be distinguished with the precision of HRMS, but not a typical quadrupole MS. The high 
specificity of HRMS allows for the discrimination of two ions with different chemical 
formulas but the same nominal mass, and also allows for the estimation of molecular 
formulas. 

 
Figure 1.2.3. A) Single quadrupole B) triple quadrupole, and C) Orbitrap mass 
spectrometer. Example successful ion trajectory represented as a black dashed line. 
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Conventional applications of MS involve chromatographic separation such as LC or 
GC for quantitation of a contaminant. LC and GC-MS are the gold standard, especially when 
coupled to tandem mass spectrometry and/or high resolution mass spectrometry, as 
chromatographic separation results in strong evidence for the identity of a given analyte.43 
Direct analysis with mass spectrometry (DMS) is a form of MS which removes 
chromatographic separation and instead analytes are entrained to the mass spectrometer 
as a mixture. DMS provides a limitation as it does not readily discriminate isomers, though 
isomer differentiation is not always necessary and there are several advantages to DMS. 

The DMS technique used in this thesis, and described in detail in Chapter 2, is 
condensed phase membrane introduction mass spectrometry (CP-MIMS). The greatest 
advantages of DMS comes down to shorter analysis time and lower cost per sample. Figure 
1.2.4 illustrates a comparison of example analysis workflow for the DMS technique CP-
MIMS compared to conventional MS. CP-MIMS is impermeable to charged and undissolved 
matrix components, and consequently the sample clean-up required before measurement 
with conventional MS can be reduced or skipped. Consequently, samples with complicated 
matrices containing sediments, plastics, high salt or dissolved organic material 
concentrations, can be analyzed directly without extensive or expensive (time and 
supplies) work up. Without chromatographic separation, time per measurement is reduced 
dramatically, allowing for high throughput analysis. Finally, and most distinctively, CP-
MIMS allows for continuous sample introduction to the ion source, resulting in real-time 
measurements that can capture dynamic processes within a sample.50 To gain additional 
specificity, CP-MIMS can be coupled to different combinations of ion sources and mass 
analyzers. In this thesis, LEI and CI were used in Chapter 2 and Chapter 3 for the analysis 
of polycyclic aromatic hydrocarbons and nonylphenol with single and triple quadrupole 
mass analyzers. ESI was utilized in Chapter 3 and Chapter 4 for the analysis of para-
phenylenediamine quinones, perfluorosulfonic acids, and perfluorocarboxylic acids with 
triple quadrupole and Orbitrap mass analyzers. 

 
Figure 1.2.4. Example workflow of direct (top) and conventional (bottom) mass 
spectrometry sample analysis. 
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1.3 Description of work 

This thesis investigates the fate and distribution of diverse contaminant classes 
while applying both conventional and non-conventional analytical approaches where 
appropriate. Chapter 2 studied the interaction of two environmental contaminants: 
microplastics and trace levels of chemical contaminants. Here, the rate and extent of 
microplastic–contaminant sorption for trace level contaminants to microplastics was 
monitored in real-time using CP-MIMS-LEI/CI. Target contaminant (naphthalene, 
anthracene, pyrene, and nonylphenol) sorption behaviours were examined at nanomolar 
concentrations with four plastic types: low-density polyethylene (LDPE), high-density 
polyethylene (HDPE), polypropylene (PP), and polystyrene (PS). Under the conditions 
employed here, short-term sorption kinetics were assessed using on-line mass 
spectrometry for up to one hour. Subsequent sorption was followed by periodically 
measuring contaminant concentrations for up to three weeks. This work provided kinetic 
insights into surface interactions and describes a powerful experimental platform to 
directly observe contaminant sorption behaviours under a variety of environmentally 
relevant conditions. This work was further developed in Chapter 3 by constructing 
sorption isotherms for the PAHs previously examined on LDPE, as well as including other 
analytes (such as PPDQs) and sorbents (such as sediments). The sorption and solubility of 
PPDQs were studied using CP-MIMS/MS-ESI. 

In Chapter 4, the concentration of contaminants in a unique shark sample was 
studied. In 2019, a deceased 4 m long adult female bluntnose sixgill shark, pregnant with 
72 pups, was recovered from Coles Bay on Vancouver Island, BC, Canada. This specimen 
provided a unique opportunity to examine maternal transfer of contaminants in an 
aplacental shark species. During preliminary work using CP-MIMS for analysis, it appeared 
that the matrix components interacted with the CP-MIMS membrane. More conventional 
methods with extensive sample cleanup were henceforward employed. Liver subsamples 
of the adult and offspring were analyzed for 18 targeted inorganic elements by inductively 
coupled plasma optical emission spectroscopy (ICP-OES) and 21 targeted perfluoroalkyl 
substances (PFAS) by liquid chromatography-electrospray ionization-high resolution mass 
spectrometry (LC-ESI-Orbitrap MS). The maternal transfer efficiencies in liver tissue were 
subsequently examined for both contaminant classes. Most metals were found to be higher 
in the mother compared to the offspring. Conversely, high maternal transfer efficiencies 
were observed for PFAS. This study highlighted the unique maternal transfer of PFAS in 
bluntnose sixgill sharks. 
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Chapter 2: Monitoring microplastic–contaminant sorption processes 
in real-time using membrane introduction mass spectrometry 

Reproduced with minor changes and permission from Misha Zvekic (formal 
analysis, funding acquisition, investigation, methodology, visualization, writing the original 
draft, and review and editing), Greg W. Vandergrift (methodology, review and editing), 
Christine C. Tong (resources, supervision, review and editing), Chris G. Gill (resources, 
funding acquisition, review and editing), and Erik T. Krogh (conceptualization, formal 
analysis, funding acquisition, methodology, project administration, resources, supervision, 
review and editing) from Environmental Science: Processes and Impacts, “Monitoring 
microplastic–contaminant sorption processes in real-time using membrane introduction 
mass spectrometry” 2023, 25, 1169. DOI: 10.1039/D3EM00083D. Copyright © 2023 Royal 
Society of Chemistry (RSC); RSC Publishing. 

2.1 Introduction 

Microplastics have been observed in all environmental compartments and are a 
growing environmental concern.51 They occur in a variety of material types and 
morphologies ranging from microfibers to plastics as large as 5 mm.25 Microplastics can be 
transported great distances,52 and have become globally ubiquitous.53,54 Even if plastic 
production halted, levels of microplastics in the environment would continue to increase as 
plastics from a variety of consumer products and industrial processes fragment into 
smaller pieces due to environmental weathering.55 The increased surface-area-to-volume 
ratio of micro- and nano-plastics compared to their larger counterparts provides more sites 
for adsorption.25 The physical impacts of microplastics on organisms resulting from 
ingestion is of toxicological concern,25 resulting in a combined, multi-stressor effects.56,57 

Many classes of chemical contaminants have been observed to sorb to microplastics, 
including metals, antibiotics, polycyclic aromatic hydrocarbons (PAHs), and other 
persistent organic pollutants.51,56,58–60 While the health and environmental impacts of trace 
contaminants sorbed to microplastics have not been fully characterized,54 they may serve 
as an additional source and sink for contaminants, influencing their fate and distribution.61 
Characterizing chemical microplastic–contaminant sorption interactions can help answer 
emerging environmental and physiological questions about the behaviour and risks 
associated with microplastic pollutants.61,62 Key knowledge gaps regarding microplastic 
sorption processes include the effect of environmental conditions (e.g., pH, salinity, and 
organic matter), weathering effects (e.g., photo-oxidation, fragmentation, and biofouling), 
and the effects of competitive sorption of multiple contaminants, particularly for less well-
studied materials (e.g., tire particles).28,63,64 

Sorption processes encompass both adsorption (the process of chemical sorbates 
adhering to the surface of the solid sorbent) and absorption (the process of sorbates 
permeating into the bulk volume of the sorbent).65,66 The rate of sorption is expected to be 
first order in both the sorbate (aqueous contaminant) and the sorbent (plastic) (Equation 
2.1) 
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𝑆𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 = 𝑘𝑠𝑜𝑟𝑏 [𝑓𝑟𝑒𝑒 𝑠𝑜𝑟𝑏𝑒𝑛𝑡 𝑠𝑖𝑡𝑒𝑠] [𝑠𝑜𝑟𝑏𝑎𝑡𝑒]  (Equation 2.1) 

where ksorb represents the overall second order sorption rate constant (conc-1 time-1) and 
the number of free sorbent sites is related to the number of sorption sites on the sorbent 
(conc), and [sorbate] represents the concentration of the contaminant of interest (conc). 
When either the sorbent or sorbate is present in considerable excess, the sorption 
behaviour can be described as pseudo first order, where k’ is used to represent a pseudo 
first order rate constant (time-1). While adsorptive and absorptive processes are occurring 
simultaneously, different sorption processes may occur over significantly different time 
scales (e.g., minutes vs weeks).66 In such cases, the overall kinetics can be expressed as a 
summation (Equation 2.2). Such behaviour has been observed for sorption onto biochar 
with a fast sorption to the outer surface and a much slower diffusion into pore structures.67 

𝑘overall
′ = 𝑘fast

′ + 𝑘slow
′    (Equation 2.2) 

While most microplastic–contaminant sorption studies have been performed using 
pristine plastics,51 environmental microplastics undergo significant chemical and physical 
transformation resulting from sun exposure and mechanical abrasion.55 The changes 
induced by weathering processes, which include increased brittleness, fragmentation, and 
surface oxidation, may impact their sorption behaviour.68 For example, photo-oxidation 
leads to the introduction of more polar hydroxyl and carbonyl groups,29 which may 
decrease sorption for hydrophobic microplastic–contaminant pairs.69 Conversely, increases 
in the hydrophilic character of plastics may lead to additional interactions for polar or 
charged contaminants through hydrogen-bonding or electrostatic interactions.70 It should 
be noted that hydrophobicity is not the only factor that influences sorption behaviour.71 
Systematic comparisons of sorption across different microplastic–contaminant pairs as 
well as weathered and pristine plastics are challenging and represent an existing 
knowledge gap.72 

Microplastic–contaminant sorption is conventionally characterized by a series off-
line discrete samples collected over a range of concentrations. The resulting isotherms can 
be used to determine partition coefficients (K), which describe the thermodynamic 
sorption affinity between sorbate and sorbent at equilibrium.68,73 Dynamic behaviour can 
be captured by collecting discrete samples over time and employed to describe kinetic 
parameters. These approaches are both time and labour intensive. Considering the 
multitude of potential contaminants, plastics, and environmental conditions, the use of a 
high throughput, on-line analytical method offers significant advantages. Condensed phase 
membrane introduction mass spectrometry (CP-MIMS) is one such method and can be used 
to monitor contaminant concentrations in real-time over time scales of minutes to 
hours.74,75 A semi-permeable polydimethylsiloxane (PDMS) membrane separates the 
sample from a flowing solvent (acceptor) phase that is directly infused into a mass 
spectrometer. PDMS is permeable to hydrophobic analytes and impermeable to water, 
particulate matter, ions, and hydrophilic compounds.76 This allows for the direct 
observation of the free aqueous solution phase concentration of contaminants in complex 
heterogeneous solutions. The technique has been coupled to electrospray ionization (ESI) 
which is well suited to measuring trace concentrations of organic amines77 and carboxylic 
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acids.78 CP-MIMS can also be coupled to liquid electron ionization (LEI) and liquid electron 
ionization/chemical ionization (LEI/CI) ion sources for analysis of non-polar compounds 
such as polycyclic aromatic hydrocarbons (PAHs).46,47,79 

Presented here is the use of CP-MIMS with LEI to directly monitor the solution 
phase concentrations of three PAHs (naphthalene, anthracene, and pyrene) and 
nonylphenol in response to the addition of four different microplastic substrates (low- and 
high- density polyethylene, polystyrene, and polypropylene). The application of the 
experimental platform detailed here uniquely provides real-time kinetic sorption 
information for multiple contaminants at trace concentrations in complex solutions, and 
allows for longer-term sorption monitoring without requiring the separation of the plastics 
from solution or pre-concentration of analytes prior to measurement. Changes in 
contaminant concentrations were followed in real-time over the first hour and monitored 
intermittently thereafter over three weeks to characterize the rate and extent of sorption 
processes. Additionally, low-density polyethylene was photochemically aged by ultraviolet 
light to investigate the impact of photo-oxidation upon sorption behaviour. 

2.2 Material and Methods 

2.2.1 Sorbate chemical contaminant solutions 

Naphthalene (99%), pyrene (98%), and nonylphenol (97%) were obtained from 
Sigma Aldrich (Oakville, ON, CAN). Anthracene (99%) was obtained from Alfa Aesar (Ward 
Hill, MA, USA). A multi-component stock solution was prepared in HPLC-grade methanol 
(VWR International, Edmonton, AB, CAN). This combined stock solution was used to 
prepare aqueous solutions in the low ppb range in deionized (DI) water (18 MΩ-cm, 
Facility Scale Reverse Osmosis/Ion Exchange Water Purification System, Applied 
Membranes Inc., Vista, CA, USA). Aqueous solutions contained less than 0.2% v/v methanol 
co-solvent and were slightly acidic (pH ~5) as measured with a benchtop pH meter 
(Accumet Fisherbrand™ AE150, Fisher Scientific, Toronto, ON, CAN). 

2.2.2 Microplastic pellet sorbents 

Low-density polyethylene (LDPE), high-density polyethylene (HDPE), isotactic 
polypropylene (PP), and polystyrene (PS) pellets (nurdles) were obtained from Sigma-
Aldrich (Saint Louis, MO, USA). Additional information including physical characteristics 
are included in Table 2.5.1 and Table 2.5.2. Prior to analyte sorption experiments, the 
pellets were soaked in methanol overnight and air-dried for about a week. Fresh, clean 
pellets were used in each experiment to minimize potential confounding effects caused by 
contamination or insufficient cleaning.  

2.2.3 Photochemical ageing of LDPE pellets 

LDPE pellets were aged in controlled conditions using ultraviolet (UV) light to 
investigate the impact of photochemical ageing on sorption. The intensity and wavelength 
distribution of two UV light sources have been described previously in comparison to 



 

15 

 

 

natural sunlight.29 For the UV-C ageing treatment, pellets were placed on a tray and 
irradiated in a Rayonet© reactor (Southern New England Ultraviolet Company, Branford, 
CT, USA) with eight mercury vapour lamps (RPR-2537 ̊A, Southern New England 
Ultraviolet Company) for 214 hours (9 days). For the UV-B ageing treatment, the pellets 
were exposed to Reptile UVB 150 Exo Terra® Bulbs (26 W PT2189, Rolf C. Hagen Inc., 
Montreal, QC, CAN) for a period of 169 days (~5 months). Pellets were aged at ambient 
temperatures (24–28 °C) in the laboratory, with periodic manual mixing to increase 
uniformity of the treatment. Attenuated Total Reflection Fourier Transform Infrared (ATR-
FTIR) spectra were obtained periodically throughout the ageing process with a Nicolet iS5 
FT-IR Spectrometer (Thermo Fisher Scientific, Madison, WI, USA) equipped with a 
Diamond crystal iD5 ATR accessory. A description of the surface changes due to 
photochemical ageing have been described elsewhere.29 

2.2.4 Condensed phase membrane introduction mass spectrometry 

 
Figure 2.2.1. Schematic diagram of condensed phase membrane introduction mass 
spectrometry (CP-MIMS) with liquid electron ionization (LEI) or liquid electron 
ionization/chemical ionization (LEI/CI). Arrows show the direction of acceptor 
phase solvent flow. Inset A) shows a photograph of the CP-MIMS J-probe 
submerged in aqueous solution in the presence of plastic pellets. Inset B) shows 
the free analyte in the aqueous phase partitioning into and diffusing through the 
PDMS membrane whereupon it is dissolved in a flowing solvent acceptor phase 
and transported to a mass spectrometer  

  
The concentration of contaminants in aqueous solution were monitored in real-time 

using a semi-permeable CP-MIMS membrane immersion probe (J-Probe) mounted into a 
Teflon-backed cap screwed onto the sample vial (Figure 2.2.1). The probe consisted of an 
8.0 cm long, 170 µm thick (0.30 mm ID, 0.64 mm OD) hollow fibre polydimethylsiloxane 
(PDMS) membrane (Silastic brand, Dow Corning, Midland, MI, USA) mounted onto 22-
gauge stainless-steel hypodermic tubing (0.33 mm ID; 0.64 mm OD) after swelling the 
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PDMS in heptane. An acceptor solvent phase consisting of 15:85 heptane/methanol (v/v) 
(HPLC-grade heptane, Fisher Chemical, Ottawa, ON, CAN) was continuously pumped 
through the lumen of the immersion probe at 50 µL min-1 with an HPLC pump (1100 series, 
Agilent Technologies Inc., Santa Clara, CA, USA). Post-membrane, the acceptor phase was 
split roughly 1:100 to waste by a passive flow-splitter comprised of a zero dead volume 
stainless-steel tee. The remaining nanoflow (400 nL min-1) of acceptor phase was directed 
through the LEI capillary, volatilized, and delivered to a MS instrument. Two mass 
spectrometers were employed in this study due to instrument availability. For 
convenience, the triple quadrupole (7010B, Agilent Technologies, Santa Clara, CA, USA) 
equipped with a LEI/CI ion source was used to monitor the short-term kinetic experiments, 
and a single quadrupole (5975, Agilent Technologies) equipped with a LEI source was used 
for intermittent sampling during the longer-term sorption experiments. A detailed 
description of the CP-MIMS-LEI/CI interface has been described elsewhere.46–48 The 
specific operational parameters for each mass spectrometer and minor modifications for 
the LEI/CI interface are detailed in Table 2.5.3. The selected ion monitoring m/z and 
MS/MS transitions used to measure the analytes by the two instruments are summarized in 
Table 2.5.4 and Table 2.5.5, along with multi-point calibration parameters, demonstrating 
linear responses over the concentration ranges employed for this study.  

2.2.5 Short-term chemical sorption monitoring with CP-MIMS 

Short-term sorption monitoring experiments were carried out in 250 mL amber 
glass bottles containing 230 mL of an equimolar multi-component aqueous solution (170 
nM naphthalene, anthracene, pyrene, and nonylphenol). The sample was stirred 
magnetically at 300 RPM with a Teflon-coated stir bar. The CP-MIMS probe was transferred 
from deionized (DI) water and inserted into the solution until 5 minutes of steady-state 
signal (S0) was observed by a triple quadrupole MS with a LEI/CI interface as illustrated by 
the chronogram in Figure 2.2.2A. With the CP-MIMS membrane immersed in the solution, 
the screw cap lid was temporarily opened, and plastics were quickly added. Comparison 
experiments between types of plastics were conducted with approximately the same 
plastic surface areas (54 ± 2 cm2) (Table 2.5.2). Given the different sizes of the plastic 
pellets, this corresponded to 100, 170, 127, and 120 pellets for LDPE, HDPE, PP, and PS, 
respectively. The MS signal chronograms (St) for each analyte were then monitored in real-
time. After each experiment, the CP-MIMS probe was rinsed in pure methanol followed by 
immersion in DI water to prevent analyte carry-over and return signals to baseline levels 
(Figure 2.2.2A).  

The MS signal traces were then background-subtracted, smoothed with a 10-point 
running boxcar, and normalized (Figure 2.2.2B) according to Equation 2.3 

Normalized MS Signal = 𝑆𝑡/𝑆0        (Equation 2.3) 

where St is the signal at time = t and S0 is the initial signal at time = 0. The concentration at 
any time (Ct) was determined by scaling the initial concentration (C0) by the normalized MS 
signal above. Initial rates were assessed over the first 10 minutes and are included in Table 
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2.5.6. Since all measurements were made within the linear calibration range, multi-point 
calibration curves obtained on the same day provided equivalent results (Figure 2.5.1). 

First order rate constants (k’obs) were determined from the slope of log transformed 
concentration data plotted versus time using the integrated rate expression (Equation 
2.4). For short term kinetic studies, the data was typically fit over the first hour of sorption, 
which corresponds to ca. 1000 measured data points. Once first order kinetic behaviour 
was established, shorter experimental runs (e.g., 20 min) provided consistent results. The 
linearized data consistent with first order behaviour is given in Figure 2.2.2C. 

ln (
𝑆𝑡

𝑆0
) = −𝑘obs

′  𝑡         (Equation 2.4) 

Under the conditions employed here, a 10–30% drop in signal intensity was 
observed (depending on the analyte) during continuous monitoring for periods of 30–60 
minutes (Figure 2.5.2), due in part to analyte depletion from mass transport across the 
membrane. The small systematic loss of analyte was corrected for with control 
experiments analyzed over the same time period without plastic pellet additions. First 
order rate constants for analyte depletion in the absence of plastics (k’loss) are summarized 
in Table 2.5.7, based on triplicate control experiments. Sorption rate constants (k’sorb) 
were then determined from Equation 2.5 as the difference between the observed rate 
constant and the rate constant associated with loss due to other processes.  

𝑘′sorb = 𝑘′obs −  𝑘′loss   (Equation 2.5) 

Control experiments were performed to compare short-term sorption rates at 
different initial analyte concentrations (Figure 2.5.3), sorption of analytes by themselves 
and in multi-contaminant solutions (Figure 2.5.4), pseudo-first order sorption kinetics at 
different initial analyte concentrations (Figure 2.5.5) and at different plastic loadings 
(Figure 2.5.6), and analyte depletion in different sample volumes (Figure 2.5.7). 

2.2.6 Long-term chemical sorption monitoring with CP-MIMS 

Long-term sorption experiments were completed in 40 mL glass vials capped with 
Teflon-backed septa containing 39 mL of aqueous solutions containing naphthalene, 
anthracene, pyrene, and nonylphenol. All analytes were equimolar (475 ± 5 nM) except 
anthracene (170 nM) due to its lower aqueous solubility limit.9 Plastic pellets of LDPE, 
HDPE, PS, and PP were added with the same surface area of 9.1 ± 0.3 cm2 corresponding to 
17, 28, 22, or 21 pellets, respectively (Table 2.5.1, Table 2.5.2). Solutions were 
magnetically stirred at 500 RPM with a Teflon-coated stir bar at room temperature, 
shielding them from ambient light for a 3-week period, during which they were 
intermittently sampled (4–8 time points). Solution phase concentrations were determined 
by CP-MIMS-LEI utilizing a single quadrupole MS for ca. 5 minutes to obtain a steady state 
signal. All experiments using pristine plastics were made as triplicate sets, with each 
measured data point obtained using unique samples to eliminate the confounding influence 
of analyte depletion due to membrane transport. Control experiments with identical initial 
concentrations were conducted in parallel with vials containing no plastics to correct for 
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any analyte loss due to processes other than sorption to plastics, such as volatilization or 
adsorption to the vial.80 Because of the limited supply of UV-B aged LDPE and the 5-month 
ageing time needed to produce them, these experiments were only made once per time 
point. These samples and the corresponding controls were filtered into a clean vial prior to 
measuring with CP-MIMS to avoid potential effects of small fragments adhering to the 
membrane probe. 

 
Figure 2.2.2. A) Signal chronogram of an experiment monitoring the sorption of 
four aqueous contaminants upon low-density polyethylene pellets. At t = 6 min, the 
probe was taken out of a DI blank and immersed in a combined standard solution 
containing equimolar contaminants (170 nM). At t=14 min, 100 pellets were added 
to the solution and sorption was monitored until t=75 min when the probe was 
returned to DI water. Sorption for anthracene is presented in B) as the processed 
normalized signal (St/S0), and C) gives the natural log transformed signal (ln St/S0), 
from which observed pseudo-first order rate constants (k’obs) were determined 
from the slope of the best fit line. 

 
The contaminant concentration remaining in solution relative to the control sample 

was expressed as (Stexp/Stctrl) × 100%, where 𝑆𝑡
exp

 and 𝑆𝑡
ctrl are the baseline corrected, 

smoothed, steady-state signal chronogram levels for the experimental vials and control 
vials, respectively. The amount of contaminant in solution lost to sorption was then 
converted to a percent sorbed to plastic (Equation 2.6).  
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Percent Analyte Sorbed = (1 − (𝑆𝑡
exp

/𝑆𝑡
ctrl)) × 100%  (Equation 2.6) 

 
2.3 Results and Discussion 

2.3.1 Microplastic–contaminant sorption monitoring 

In this study, changes in the aqueous phase concentration of four contaminants are 
monitored over time in the presence of different types of pristine microplastics, one of 
which was also photochemically aged for comparison. Experiments were performed under 
comparable conditions of low sorbate concentration (nM) in the presence of excess sorbent 
(g L-1), giving rise to pseudo-first order kinetic behaviour. Where possible, contaminants 
were examined at equimolar concentration with plastics at equal surface areas, making 
differences between contaminants and between different plastic types directly comparable. 
The plastic loading and concentration of the sorbate can be tuned to increase the initial 
sorption rates for convenience. The loading chosen here is based on the observable 
decrease in the solution phase concentration of PAHs on LDPE over the course of 60 min. 
The other plastics’ loadings were matched to an equivalent surface area so that the kinetic 
trends could be directly compared. Higher microplastic loadings do not affect the trends in 
rate constants as demonstrated in Figure 2.5.6. In addition to nonylphenol, a structurally-
related homologous series of three PAHs were chosen for analysis to compare short-term 
kinetic behaviour. All first order rate constants discussed below are conditional upon the 
experimental parameters employed. The following discussion is structured to examine 
both the short-term (hours) and long-term (weeks) sorption behaviours upon pristine, 
non-aged plastics. The effect of photochemical ageing on sorption to LDPE is subsequently 
discussed. 

2.3.2 Short-term sorption kinetics 

Initial sorption rates (µM h-1) over the first ten minutes were observed to depend on 
the initial concentration of the sorbate (Figure 2.5.3) and the amount of plastic sorbent 
present consistent with the rate law (Equation 2.1). The log transformed decay curves 
illustrated pseudo-first order kinetic behaviour under the conditions employed here 
(Figure 2.2.2). The situations under which pseudo-first order kinetics may occur include 
when the initial concentration of sorbate is in vast excess compared to the limited number 
of binding sites (ϕ), as well as the conditions employed here where the number of binding 
sites were in excess and consequently remain invariant.81 The corresponding rate 
constants (k’obs) were determined from the linearized plots for each of the chemical 
microplastic–contaminant combinations. Control experiments run with individual 
contaminants demonstrated that sorption kinetics were not impacted by the presence of 
multiple analytes under the described conditions (Figure 2.5.4). The observed rate 
constants (k’obs) were independent of initial sorbate concentrations (Figure 2.5.5) but do 
depend on the amount of microplastics added (Figure 2.5.6). For consistency, all 
subsequent experiments were carried out at equimolar contaminant concentrations and 
equal surface area plastic loading. Figure 2.3.1 illustrates the observed first order kinetic 
behaviour of each sorbate (naphthalene, anthracene, pyrene, and nonylphenol) on LDPE in 
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panel A, and the kinetic behaviour of pyrene sorption on each of pristine plastics (LDPE, 
HDPE, PS, and PP) in panel B. 

 
Figure 2.3.1. A) Observed first order kinetic sorption traces of naphthalene, 
anthracene, pyrene, and nonylphenol upon LDPE pellets, and B) pyrene on LDPE, 
HDPE, PP, and PS pellets. All target analytes were at equimolar concentrations (175 ± 
5 nM) and all plastics were present at equivalent surface area amounts (~54 ± 2 cm2). 
First order rate constants observed (k’obs) are included. 

 
The process of continuously measuring sorption by CP-MIMS results in a small but 

measurable analyte depletion via mass transport across the sampling membrane. Over 
time, this can become significant depending on the sample volume, membrane 
permeability, and acceptor phase flow rate. This effect is more pronounced in the limit of 
small sample volumes (Figure 2.5.7), so these on-line sorption experiments were 
performed using larger (230 mL) samples in screw cap glass bottles using a triple 
quadrupole MS equipped with an LEI/CI interface that yielded higher sensitivity via MS/MS 
measurements. This reduces (but does not eliminate) analyte depletion effects, and the 
observed rate constants were corrected via control experiments where no sorbent was 
added (Figure 2.5.2, Table 2.5.7). The values for the short-term sorption rate constants 
(k’sorb) are summarized in Table 2.3.1. 

Table 2.3.1: First order rate constants for short term microplastic–contaminant sorption a 

 k’sorb ± sd (h-1) 

Plastic Naphthalene Anthracene Pyrene Nonylphenol 
LDPE 0.5 ± 0.2 2.0 ± 0.2 2.2 ± 0.3 nd 
HDPE 0.3 ± 0.1 1.6 ± 0.3 1.6 ± 0.3 nd 

PS nd 0.34 ± 0.09 0.41 ± 0.08 nd 
PP 0.13 ± 0.08 0.26 ± 0.09 0.2 ± 0.1 nd 

UV-C wLDPE 0.5 ± 0.1 2.0 ± 0.2 2.3 ± 0.3 1.0 ± 0.3 
a All contaminant sorbates were equimolar at 175 ± 5 nM in the presence of excess plastic 
at constant surface area of 54 ± 2 cm2. Where sd is standard deviation based on n ≥ 3 and 
nd is non-detect. All kinetic studies presented were obtained using CP-MIMS-LEI/CI 
utilizing MS/MS (Table 2.5.4). 
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Several trends in the sorption rate constants are immediately observable and 
depicted graphically in Figure 2.3.2A. Nonylphenol shows no appreciable sorption to any 
of the pristine plastics over the initial hour of on-line monitoring. Secondly, the sorption 
rate constants for PAHs increase with their size and hydrophobic character as 
characterized by their octanol-water partition coefficient (KOW). A linear free energy 
relationship between log KOW and log k’sorb is presented in Figure 2.3.2B. Naphthalene 
appears to sorb slower (2–5 fold) than anthracene and pyrene, which tend to sorb at 
similar rates (typically within 10–20%). The relative sorption rates among the sorbates 
investigated (pyrene ≥ anthracene > naphthalene ≥ nonylphenol) holds for all the pristine 
(non-aged) plastic types evaluated. 

Contaminant sorption on different plastics typically followed the trend observed for 
pyrene (Figure 2.3.1B), with the PEs being 3 to 5-fold faster than PP and PS. LDPE 
consistently demonstrated faster sorption than HDPE for all three PAH contaminants. 
Although nonylphenol exhibited no appreciable sorption over the course of an hour to any 
of the pristine plastics studied here, it was observed to sorb significantly over a period of 
days and weeks (see below). 

 
Figure 2.3.2. A) Pseudo-first order rate constants associated with the sorption of 
contaminants upon different microplastics (non-aged LDPE, HDPE, PS, PP, and UV-
C aged LDPE (wLDPE)). B) Linear free energy relationship between the sorption 
rate constants onto non-aged LDPE and the hydrophobicity of PAHs. 

 
Sorption interactions between plastics and non-polar chemical contaminants are 

thought to be driven primarily by hydrophobic interactions.62,66 A linear free energy 
relationship was observed between log k’sorb and log KOW for the structurally related PAH 
series across all the pristine microplastics studied here (Figure 2.5.8). Nonylphenol was 
not expected to follow the trend depicted in Figure 2.3.2B, given the potential of hydrogen 
bonding interactions with both the aqueous solvent and the plastics. However, the 
relatively slow sorption behaviour for this compound was unexpected given its relatively 
hydrophobic character (log KOW ~3.80–4.77).82 Though others have observed a correlation, 
log KOW has not always been observed to be a good predictor of sorption affinity.83 This 
suggests that there are other factors at the microplastic–contaminant interface that may 
influence sorption kinetics. 
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2.3.3 Long-term sorption 

 
Figure 2.3.3. Percent aqueous concentration of nonylphenol (blue diamonds), 
naphthalene (red circles), anthracene (green triangles), and pyrene (yellow 
squares) to equivalent surface areas (8.8–9.4 cm2) of LDPE, HDPE, PP, and PS 
microplastic pellets. Experiments for each time point were performed in replicate 
trials with error bars shown as standard deviation for n ≥ 3 (except for UV-B aged 
LDPE, n = 1). All concentrations were at 475 ± 5 nM except for anthracene which 
was at 170 nM. 

 
Changes in aqueous contaminant concentrations were monitored over three weeks 

by intermittent sampling with CP-MIMS to follow slower processes and the extent of 
microplastic–contaminant sorption. In general, pyrene and anthracene sorbed the fastest 
and to the greatest extent on all plastics studied here and sorption to PEs reached 
equilibrium observably faster than to PP and PS (Figure 2.3.3). The extent of sorption of 
pyrene and anthracene to PEs was greater than 96% sorbed within two days. Naphthalene 
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sorption was slower than the more hydrophobic PAHs, requiring 3–5 days to reach 
equilibrium at 87% and 73% sorbed for LDPE and HDPE, respectively. These results are 
consistent with those reported by Wang et al., who observed the sorption trend of pyrene > 
anthracene > naphthalene upon LDPE.73 Generally, nonylphenol demonstrated the slowest 
sorption, requiring two or three weeks in some cases, sorbing to a lesser extent than the 
PAHs ranging from 39–81% on PP, HDPE, LDPE. Sorption of nonylphenol on PS was 
anomalous because it sorbed faster and to a greater extent (90%) than naphthalene (70%), 
although both contaminants sorbed considerably slower than pyrene and anthracene. This 
suggests that there may be a unique surface interaction (such as pi-stacking) between 
nonylphenol and PS.84 It is worth noting that the PS employed here has a density greater 
than water (Table 2.5.1) making it more susceptible to mechanical fragmentation by the 
magnetic stir bar used to continuously agitate the solution. A small amount of 
fragmentation was observed, though not characterized, and may have increased the surface 
area favouring adsorption processes. The use of a shaker table in place of mechanical 
stirring is recommended for future work. The extent of chemical sorption at three weeks as 
the percent of analyte sorbed to plastic is illustrated in Figure 2.3.4 and summarized in 
Table 2.5.8 for all microplastic–contaminant pairs.73 

 
Figure 2.3.4. Percent of contaminant sorbed to equivalent surface areas (8.8–9.4 
cm2) of LDPE, UV-C aged LDPE (wLDPE), HDPE, PP, and PS microplastic pellets 
using Equation 2.6. Nonylphenol (blue), naphthalene (red), anthracene (green), 
and pyrene (yellow). All concentrations are at 475 ± 5 nM, except anthracene at 
170 nM. Average of n ≥ 3, standard deviation represented by error bars. 

 
In general, the extent to which contaminants sorbed correlated with their short-

term sorption rates, although it is apparent that not all microplastic–contaminant pairs had 
fully equilibrated after three weeks (Figure 2.3.3). The presented results are broadly 
consistent with other reports indicating LDPE has a greater 80 or equivalent 65,69,85 sorption 
capacity than HDPE. The lower sorption to HPDE compared to LDPE observed in the 
presented data could be due to differences in microscopic surface areas, available plastic 
free volumes, or the greater crystallinity and density of HDPE relative to LDPE.86 This 
group and others have found that the sorption capacity of PE was greater than that of 
PP.69,87 There is some inconsistency in the literature regarding comparisons between PE 
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and PS, 63,69,73,84,88–90 which may in part be due to the differing prevalence of cross-linkages, 
porosity, and microscopic surface areas of different PS samples.60 Given that the PS and 
isotactic PP used in this experiment are glassy,65,91 it is likely that absorption processes are 
considerably lesser than in the more rubbery PEs because of their greater chain mobility 
and free volume. 84,92,93 

2.3.4 Sorption to aged LDPE 

To examine the impact of photochemical ageing upon sorption, LDPE pellets were 
aged using two different UV light sources. The different light sources nominally described 
here as UV-B and UV-C have been previously characterized and used to examine 
photochemical aging rates via Attenuated Total Reflectance Fourier Transform Infrared 
(ATR-FTIR) spectroscopy.29 While it is not expected that the ageing will affect sorption to 
all plastics in the same way, LDPE was chosen for this study because it was observed to 
demonstrate the most rapid sorption processes. 

Nonylphenol was observed to sorb faster and to a greater extent on UV-C aged LDPE 
when compared to non-aged LDPE, while PAH sorption was largely unaffected by ageing 
(Figure 2.3.2A, Figure 2.3.3). The increased affinity of nonylphenol (Figure 2.5.9) is 
attributed to hydrogen-bonding interactions between oxidized functional groups (carbonyl 
and hydroxyl groups) on the aged plastic surfaces (Figure 2.5.10) and the hydroxyl group 
of nonylphenol. Hydrogen-bonding has been found to be a significant interaction between 
contaminants and plastics with polar functional groups 58,94,95 including weathered 
plastics.70 The unchanged PAH sorption behaviours indicates that the increased number of 
hydroxyl and carbonyl moieties on the UV-C aged LDPE 29 either did not impede 
hydrophobic sorption or was compensated for by other processes. Surface cracking or 
fragmentation, for example, could increase available adsorption sites.85 While, UV-B ageing 
conditions resulted in visible plastic fragmentation noted below, it did not appear to 
increase overall sorption. 

UV-B ageing altered LDPE in two ways: it increased the brittleness of the plastic and 
also affected sorption behaviour. Mechanical stirring resulted in fragmentation of UV-B 
aged LDPE (Figure 2.5.11) into secondary microplastic particles due to its weakened 
integrity.55,96 All PAH analytes appeared to sorb more slowly (Figure 2.3.3) to UV-B aged 
LDPE than both pristine and UV-C aged LDPE, suggesting a decreased sorption capacity. 
For example, the extent of naphthalene sorption was ca. 10% lower on UV-B treated LDPE. 
Nonylphenol, on the other hand, was observed to sorb to a slightly greater extent on UV-B 
aged LDPE as compared to UV-C aged LDPE. This is likely because the UV-B treated LDPE 
exhibited a greater surface oxidation than the UV-C treated LDPE as demonstrated in their 
ATR-FTIR spectra (Figure 2.5.10). 

The increased brittleness 55 and decreased sorption capacity 69 is attributed to an 
increase in plastic crystallinity caused by UV-B ageing which is consistent with what has 
been observed by others.55,67 Crystallinity increases during photochemical ageing due to 
cross-linkage reactions between polymer radicals 97 and is limited by the diffusion and 
mobility of radicals further into the plastic.98 UV-C ageing occurred over the course of days, 
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while an equivalent amount of UV-B ageing requires months to achieve a similar state of 
oxidation.29 Although not quantified here, the longer UV-B ageing time possibly led to 
increased crystallinity throughout the plastic. UV-C lamps are often used to rapidly age 
plastics for sorption studies,83,85,99 but it is apparent that subtle, yet important, sorption 
behaviour changes either do not or have a limited time to occur under accelerated UV-C 
ageing. 

2.3.5 Advantages and Limitations 

This work presents the use of CP-MIMS as an in situ process monitoring strategy to 
follow sorption kinetics in real-time. The method has several advantages including the 
ability to monitor multiple trace organic analytes simultaneously in complex 
heterogeneous solutions without discrete sample collection, handling, pre-concentration, 
or chromatographic separation steps. Changes in solution phase concentrations in the 
presence of solid sorbents such as anthropogenic plastics and natural sediments can be 
rapidly assessed along with the effects of other sample conditions including salinity, pH, 
and high dissolved organic matter content. Continuous monitoring strategies are well-
suited to processes that occur on a time scale of minutes to hours and can be employed to 
develop kinetic models with high temporal resolution (> 103 data points per hour). Slower 
sorption processes can be followed over longer time frames (days–months) by 
intermittently immersing the membrane into solution for a few minutes. The technique is 
limited to membrane-permeable neutral, hydrophobic analytes which can be resolved by 
distinct m/z parent ions and/or fragment ions with a mass spectrometer. Kinetics are 
limited to those which are slower than membrane transport kinetics, which depend on 
membrane thickness, acceptor phase composition, and diffusivity of specific analytes. The 
time constant for the analytes and conditions reported here range from 0.6 to 1.3 min-1 (see 
Table 2.5.9) and represent the upper limit of rate constants that can be measured.100 For 
extended continuous monitoring applications, analyte depletion can be observed. This 
affect can be corrected using paired control samples without sorbent or minimized with 
experimental modifications such as larger sample volumes, smaller membrane geometries, 
and/or lower acceptor phase flow rates. 

2.4 Conclusion 

The simultaneous sorption of four chemical sorbates (naphthalene, anthracene, 
pyrene, and nonylphenol) on different plastic sorbents (LDPE, HDPE, PP, and PS) was 
investigated under comparable conditions using membrane introduction mass 
spectrometry to monitor aqueous solution phase concentrations over time. Short-term 
sorption kinetics were measured continuously over a one-hour period, with initial sorption 
of equimolar contaminants following the trend pyrene ≥ anthracene > naphthalene > 
nonylphenol on LDPE. The first order rate constants for pyrene and anthracene sorption 
were observed to be 5 times greater than naphthalene, while nonylphenol sorption too 
slow to detect on this time scale. The initial sorption for the PAH sorbates followed the 
trend of LDPE > HDPE > PS ≥ PP. Long-term sorption was measured periodically for up to 
three weeks, with the extent of sorption observed following similar trends to that observed 
in short-term kinetics experiments. LDPE was photochemically aged using UV light to 
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examine the impact of surface oxidation on sorption. Nonylphenol sorption increased 
whereas PAH sorption remained largely unaffected. This study represents the first use of 
direct analysis with mass spectrometry to monitor sorption processes in real-time at 
environmentally relevant analyte concentrations. Future work will investigate sorption on 
understudied plastics (including rubbers, fibers, and nanoplastics) and investigate changes 
in environmental conditions (salinity, pH, and dissolved organic matter), using the method 
described here and combining MIMS with conventional batch sorption experiments. 

2.5 Supporting Information 

 
Figure 2.5.1. Initial sorption kinetics of four aqueous contaminants onto 100 LDPE 
pellets as determined by two different data treatments: A) converting the signal to 
concentration based on a five-point, same-day calibration curve, and B) normalizing the 
signal by the initial signal and multiplying the result by the known initial concentration, a 
one-point calibration curve. The initial concentrations of the analytes were 0.4776 µM 
naphthalene, 0.4687 µM pyrene, 0.4716 µM nonylphenol, and 0.1693 µM anthracene. 
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Figure 2.5.2. Comparison of analyte depletion (light colours) and sorption to 
LDPE (dark colours) for pyrene and nonylphenol. A) and B) shows normalized 
sorption for both analytes, while C) and D) shows the natural logarithm of the 
normalized signal. The pseudo-first order rate constants associated with each 
type of experiment are given. Rate constants shown here are for a single 
replicate (n = 1), while rate constants in Table 2.3.1 are an average based on at 
least three replicates (n ≥ 3). 
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Figure 2.5.3. The sorption rates of analytes at different 
concentrations onto 100 LDPE. (n = 1 per experiment) 

 

 
Figure 2.5.4. Initial sorption kinetics (k’obs) onto 17 
LDPE pellets of analytes undergoing solo sorption and 
sorption in the presence of the other three 
contaminants. Experiments were performed in 
triplicate, results shown as the average k’obs with error 
bars showing the standard deviation. The sorption rate 
constants for the different experimental treatments 
were statistically non-significant. 
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Figure 2.5.5. Linearized time dependent sorption onto 100 LDPE pellets for A) 
anthracene B) nonylphenol C) pyrene and D) naphthalene at different concentrations 
(0.09 µM light shade, 0.2 µM medium shade, 0.5 µM dark shade). (n = 1 per experiment) 

 

 
Figure 2.5.6. Initial sorption of analytes onto 50, 
100, and 150 LDPE pellets. (n = 1 per experiment) 
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Figure 2.5.7. Comparison of analyte depletion for four analytes at the same 
initial concentration in the 40 mL vials used in long-term sorption 
experiments (dark colours) and the 250 mL vials used in short-term 
sorption experiments (light colours) (n = 1 for each type of experiment). 
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Figure 2.5.8. The relationship between the rate constants (k’obs) of 
naphthalene, anthracene, and pyrene adsorbing onto LDPE, HDPE, PS, 
and PP and contaminant hydrophobicity (KOW). 

 

 
Figure 2.5.9. Comparison of nonylphenol (blue) and pyrene (yellow) sorption on non-
aged (dark shade) and aged (light shade) LDPE. The observed rate constants (k’obs) are 
included next to the sorption trace. 
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Figure 2.5.10. ATR-FTIR spectra of (top, red) UV-C aged (λmax 254 nm, 8 days long), 
(bottom, blue) UV-B aged (λmax 313 nm, 5.5 months long), and (black) pristine non-aged 
low-density polyethylene used in long-term sorption experiments. Spectra were taken 
with a Nicolet iS5 FT-IR Spectrometer with a Diamond crystal iD5 ATR accessory 
(Thermo Fisher Scientific, Madison, WI, USA). Using OMNIC 9.2.86 software, 16 scans 
were taken per measurement with a data spacing of 0.060 cm-1. 
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Figure 2.5.11. Photographs of LDPE pellets which were A) pristine B) aged beneath 
UV-C light for 8 days, and C) aged beneath UV-B light for 5.5 months. All pellets were 
stirred in solution for 21 days. Panel D shows all four pristine plastic nurdles (LDPE, 
HDPE, PP, and PS).  
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Table 2.5.1: Properties of plastic pellets 

Plastic Type 
Approximate 

Shape 

Diameter 
(cm) a Weight (g) a 

Estimated 
Surface 

Area 
(cm2) 

Estimated 
Density (g 

mL-1) b 

x̄ ± s 
x̄ ± s x̄ ± s 

Low-Density 
Polyethylene 

Sphere 0.41 ± 0.18 
0.03245 ± 

0.002 
0.54 

0.927 ± 
0.009 

High-Density 
Polyethylene 

Half-sphere 
0.38 ± 0.11 0.01394 ± 

0.0006 
0.16 0.94 ± 0.01 

0.17 ± 0.047 

Polypropylene Sphere 0.38 ± 0.010 
0.02451 ± 

0.0002 
0.42 0.87 ± 0.01 

Polystyrene Sphere 0.38 ± 0.17 
0.03288 ± 

0.0003 
0.45 

1.049 ± 
0.001 

a n = 10 diameter, n = 3 weight, n = 3 density. Dimensions measured with a dial caliper (0.1 
mm, Westward, Switzerland). 
b density calculated gravimetrically by displacement of water. Manufacturer provided 
densities were 0.925 g mL-1 (0.9215–0.9255) for LDPE, and 0.9 g mL-1 for PP. 
 
Table 2.5.2: Experiment details 

Plastic Type 

250 mL Short-Term 
Experiment a 

40 mL Long-Term Experiment 
a 

Pellets 
Used 

Surface Area per 
Volume 

(cm2 mL-1) b 

Pellets 
Used 

Surface Area per 
Volume  

(cm2 mL-1) b 
Low-Density 
Polyethylene 

100 0.233 17 0.234 

Polypropylene 127 0.232 22 0.237 
Polystyrene 120 0.233 21 0.241 
High-Density 
Polyethylene 

170 0.233 28 0.226 

a Solution volume in short and long-term experiments was 230 mL and 39 mL, respectively. 
b e.g., 17 LDPE pellets and 39 mL of solution provided in an estimated 0.234 cm2 mL-1 
surface area per solution volume ratio, compared to a 0.233 cm2 mL-1 ratio in the short-
term experiment where 100 LDPE pellets were added to 230 mL of solution. This 
plastic/volume ratio was chosen based on the kinetic sorption experiments for LDPE. 
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Table 2.5.3: Operational parameters for the mass spectrometers a 
Mass Spectrometer Agilent Technologies 

7010B GC/MS Triple 
Quad b 

Agilent Technologies 
5975 Inert Mass 
Selective Detector b 

Gas Chromatograph c Agilent Technologies 
7890B GC System b 

Agilent Technologies 
6890N Network GC 
System b 

Ion Source High efficiency axial 
CI ion source b 

EI inert 350 ion source 

b 
Filament Part number G3850-

60021, utilizing a 
single coiled filament 
and the extractor 
plate removed b 

Part number G7005-
60061 b 

Solvent Pump Agilent 1100 series 
HPLC pump system b 

Agilent 1100 series 
HPLC pump system b 

Helium Flow (mL min-1) 0.5 1.0 
Transfer Line Heater 
Temperature (°C) 

400 350 

Source Temperature (°C) 200 280 
Quadrupole 
Temperature (°C) 

Q1: 150, Q2: 150 150 

Emission/Filament 
Current (µA) 

50.0 34.6 

Insertion Depth into 
Brass Nut (mm) 

3 3 

Capillary Liner Insertion 
Depth into Ion Source 
(mm) 

2 2 

Normal Operating 
Pressure (Torr) 

1.40×10-4 1.40×10-4 

Ionization Energy (eV) 70 70 
Dwell Time (ms) 250 d 200 
MS Mode Multiple Reaction 

Monitoring (MRM) 
Selective Ion 
Monitoring (SIM) 

a For additional instrumental details see Vandergrift 2019.48 

b Agilent Technologies Inc.; Santa Clara, CA, USA. 
c Used to introduce helium (99.999% purity, Praxair, Mississauga, ON, CAN) and to heat the 
LEI/CI interface. 
d Resolution of MS 1 and MS 2 set to ‘wide’. 
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Table 2.5.4: Tandem mass spectrometry and analytical calibration data for the triple quad 
MS used for short-term sorption monitoring experiments a 

Analyte 

Precursor 
Ion → 

Progeny 
Ion b 

(m/z) 

Collision 
Energy 

(eV) 

Slope 
(μg L-1) 

R2 
Concentration 

Range 
(μg L-1) 

Detection 
Limit 

(μg L-1) c 

NAP 
129 → 102 45 11.80 0.9845 

10.96 58.64 
1.0 

129 → 128 33 40.11 0.9828 0.49 

ANT 
179 → 152 50 18.53 0.9359 

15.41 37.51 
0.52 

179 → 178 37 81.85 0.9380 0.21 

PYR 
203 → 152 60 2.334 0.9861 

17.54 99.90 
2.1 

203 → 202 37 116.5 0.9859 0.40 

NON 
221 → 85 5 0.6722 0.9721 

19.90 96.28 
7.4 

221 → 71 5 1.210 0.9735 5.2 
a 4 point calibration curve based on a multi-component solution in deionized water. 250 
mL bottle, stirring at the 300 RPM on a CORNING PC-351 Hot Plate Stirrer. 
b Molecular fragmentations depicted in bold were used here although no difference in the 
rate constants were observed using either transition.  
c Detection Limit = 3 × standard deviation of blanks / calibration curve slope.  
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Table 2.5.5: Single quadrupole mass spectrometry and analytical calibration data for 
single quad MS used for long-term experiments a 

Analyte 
Selected Ion 
Monitoring 

(m/z) 

Slope 
(μg L-1) 

R2 
Concentration 

Range 
(μg L-1) 

Detection 
Limit 

(μg L-1) b 
NAP 128 0.7902 0.9960 18.80 63.84 3.7 
ANT 178 0.8784 0.9934 9.234 31.35 2.9 
PYR 202 0.8978 0.9935 28.87 98.03 2.5 
NON 107 0.1723 0.9935 31.44 106.7 19 

a 5 point calibration curve based on a multi-component solution in deionized water. 40 mL 
vial, stirring at 500 RPM on Fisherbrand™ Ultra Thin Magnetic Stirrer (Fisher Scientific Cat 
#14-955-150). Long-term adsorption rates were stirred off line at 500 RPM on CORNING 
PC-351 Hot Plate Stirrer and Fisher Thermix® Stirring Hot Plate Model 210T stir plates. 
b Detection Limit = 3 × standard deviation of blanks / calibration curve slope. 
 
Table 2.5.6: Observed initial sorption rates (µM h-1) over the first 10 minutes 

Sorbate 
0.1711 µM 

Naphthalene 
129.0 → 102.0 m/z  

0.1730 µM 
Anthracene 

179.0 → 152.0 m/z 

0.1735 µM 
Pyrene 

203.0 → 152.0 m/z  

0.1806 µM 
Nonylphenol 

221.0 → 71.0 m/z 

Sorbent 
Slope 

h-1 
Rate 

µM h-1 
RSD 

Slope 
h-1 

Rate 
µM h-1 

RSD 
Slope 

h-1 
Rate 

µM h-1 
RSD 

Slope 
h-1 

Rate 
µM h-1 

RSD 

LDPE  
(n = 4) 

−0.96 0.16 3 −2.0 0.35 3 −2.2 0.38 4 −0.29 0.05 6 

UV-C 
wLDPE 
(n = 3) 

−0.98 0.17 10 −2.2 0.38 10 −2.2 0.38 22 −1.2 0.21 21 

HDPE 
(n = 3) 

−0.65 0.11 5 −1.7 0.29 9 −1.8 0.30 11 −0.19 0.03 7 

PS 
(n = 3) 

−0.35 0.06 5 −0.64 0.11 11 −1.0 0.18 10 −0.36 0.07 7 

PP 
(n = 3) 

−0.57 0.10 13 −0.61 0.11 15 −0.72 0.13 22 −0.61 0.11 30 
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Table 2.5.7: Observed pseudo-first order rate constants k’obs (h-1) 

Chemical 
Sorbate 

0.1711 µM 
Naphthalene 

129.0 → 102.0 
m/z  

0.1730 µM 
Anthracene 

179.0 → 152.0 
m/z  

0.1735 µM 
Pyrene 

203.0 → 152.0 
m/z  

0.1806 µM 
Nonylphenol 
221.0 → 71.0 

m/z 

Plastic 
Sorbent 

n Rate 
Constant 

(h-1) 
RSD 

Rate 
Constant 

(h-1) 
RSD 

Rate 
Constant 

(h-1) 
RSD 

Rate 
Constant 

(h-1) 
RSD 

Analyte 
Depletion 
(kloss) 

3 0.23 29 0.22 38 0.21 36 0.13 69 

LDPE (kobs) 4 0.69 19 2.2 10 2.4 11 0.25 84 
UV-C 
wLDPE 
(kobs) 

3 0.73 11 2.3 10 2.5 10 1.1 23 

HDPE (kobs) 3 0.52 16 1.8 14 1.8 13 0.12 65 
PS (kobs) 3 0.32 21 0.56 7 0.62 2 0.26 26 
PP (kobs) 3 0.36 12 0.48 8 0.45 14 0.10 150 

 
Table 2.5.8: Extent of chemical sorption to microplastics after three weeks a 

 

 

 

 

 

 

 

 

 

 

 

a Results represented as the mean and standard deviation of replicate experiments. 
 

  

Experiment Percent of Analyte Sorbed to Pellets (%) 

Plastic 
Type 

n 
0.4776 µM 

Naphthalene 
0.1693 µM 
Anthracene 

0.4687 µM  
Pyrene 

0.4716 µM 
Nonylphenol 

x̄ ± s x̄ ± s x̄ ± s x̄ ± s 
LDPE 8 87 ± 4 99 ± 1 100 ± 1 81 ± 5 
UV-C 
wLDPE 

3 89 ± 1 98 ± 2 100 ± 1 95 ± 5 

HDPE 4 73 ± 5 96 ± 2 99 ± 1 60 ± 8 
PP 3 56 ± 9 88 ± 1 92 ± 1 39 ± 3 
PS 3 69 ± 14 95 ± 2 95 ± 3 87 ± 8 
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Table 2.5.9: Kinetic limit of analytes using the 8.0 cm membrane CP-MIMS J-Probe a 

Analyte 
Kinetic Limit (min-1) 

x̄ ± s 

Kinetic Limit (h-1) 
x̄ ± s 

Nonylphenol 0.65 ± 0.11 39 ± 6 

Naphthalene 1.27 ± 0.05 76 ± 3 

Anthracene 0.96 ± 0.20 58 ± 12 

Pyrene 1.03 ± 0.04 62 ± 3 
a Based on the natural rise time in response to a step function increase in aqueous 
concentration (n = 4). The kinetic limit was determined from the slope of the plot of  
ln(1 – St/S∞) between St/S∞ = 0.1 to 0.9, where St and S∞ are the MS signals at time t and at 
steady-state, respectively.100  
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Chapter 3: Physicochemical Properties of Contaminants Measured 
with Condensed Phase Membrane Introduction Mass Spectrometry 

(CP-MIMS) 

This chapter represents a collection of unpublished work wherein Misha Zvekic was 
primarily responsible for investigation, conceptualization, methodology, validation, formal 
analysis, original draft writing, and visualization. This work was done in collaboration with 
Joseph Monaghan (conceptualization and methodology), Angelina Jaeger (investigation), 
Simon Maguire (investigation), and Erik T. Krogh (conceptualization, resources, project 
administration, funding acquisition, and supervision). 

3.1 Introduction 

Understanding the physicochemical properties of contaminants increases our ability 
to predict their environmental fate and distribution.15 These properties also inform proper 
sample handling (e.g., chemical stability) with important implications for environmental 
monitoring campaigns and toxicity exposure studies. There are numerous physicochemical 
properties relevant to the fate of an aqueous chemical contaminant, such as solubility 
(𝐶w

sat), air-water partitioning (Kaw), acid dissociation constant (pKa), and sorption 
partitioning to sediments (KD).6 Studying these properties for ultra-trace contaminants can 
be laborious and time-consuming. Prior to measurement, centrifugation and/or filtration is 
often required, and preconcentration steps (such as liquid-liquid or solid phase extraction) 
is typically needed to enrich trace contaminants.101,102 Instead, predictive computational 
modelling is often used. However, ab initio calculations can be computationally expensive 
with limited user insight on their methods, whereas semi-empirical approaches often rely 
on empirical data for structurally related compounds. For emerging contaminants, a 
paucity of empirical data can result in low accuracy predictions, so experimental results are 
necessary. 

An emerging contaminant of concern, N-(1,3-dimethylbutyl)-N’-phenyl-p-
phenylenediamine-quinone (6PPD-quinone), was linked to salmon toxicity in 2020.31 
Subsequently, 6PPD-quinone (6PPDQ) and other structurally related para-
phenylenediamine quinones (PPDQs, see Figure 3.1.1) have been detected in many 
environmental compartments including air, sediments, and biota.32–36 These PPDQs are 
derived from the oxidation of para-phenylenediamines which are added to tires at 1–2% 
levels as anti-oxidants to preserve rubber integrity.31 For PPDQs, the lack of 
physicochemical information or strong confidence in predictions has led to inconsistencies 
in sample handling.34,101 There are also contradictions in literature between predicted and 
measured properties.101,103 Hu et al. recently evaluated the aqueous solubility of 6PPDQ to 
be 38 ± 10 μg L-1, whereas EPI Suite has been used to predict a value of 56.93 mg L-1.101 
While software suites (e.g., EPI Suite and BIOVIA COSMOtherm) have been employed to 
predict properties for the analog PPDQs,103–105 experimental values are necessary for these 
emerging contaminants. 
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Figure 3.1.1. Analytes under study for their physicochemical properties including 
nonylphenol, polycyclic aromatic hydrocarbons (PAHs, yellow border), and para-
phenylenediamine quinones (PPDQs, blue border). 

 
DMS approaches may be suitable to overcome the challenges outlined above (long 

analysis time, extensive clean-up) for experimental evaluation of physicochemical 
properties. One such technique, condensed phase membrane introduction mass 
spectrometry (CP-MIMS) has already been used to directly measure these properties at 
trace-level concentrations.34,79 The design and application of CP-MIMS is described in detail 
in Chapter 2. Neutral analytes free in solution permeate the polydimethylsiloxane (PDMS) 
membrane and are carried in the flowing solvent acceptor phase to the mass spectrometer 
for ionization and detection. Suspended solids and charged matrix components cannot 
cross the membrane, providing an online sample cleanup. Feehan et al. have previously 
used this technique to measure the pKa of trace-organic contaminants directly in aqueous 
solution, even for complex mixtures (e.g., naphthenic acids derived from crude oil).106 
Termopoli et al. used CP-MIMS to directly measure the solubility limit of pyrene in water,79 
and several studies have used CP-MIMS to evaluate sorption of trace organic contaminants 
to various media (Chapter 2).34,77,107 

Here, CP-MIMS was applied to characterize physicochemical properties of different 
classes of chemical contaminants, both legacy and emerging. Five polycyclic aromatic 
hydrocarbons (PAHs) and nonylphenol were analyzed for their chemical partitioning at 
equilibrium. PAHs are legacy contaminants which have been regulated for decades with 
(relatively) well-understood physicochemical properties.108 Previous work with CP-MIMS 
has been undertaken to analyze their solubility and long-term sorption behaviour at non-



 

42 

 

 

equilibrium conditions (Chapter 2).107 Here, CP-MIMS was used to expand upon this 
earlier work to find sorption partition coefficients of PAHs, nonylphenol, and PPDQs at 
equilibrium/near-equilibrium conditions for a range of sorbents (including sediments and 
plastics) using high throughput automated analysis 34 and the aqueous solubility values for 
6PPDQ and five structural analogs. 
 
3.2 Materials and Methods 

3.2.1 Chemicals and reagents 

Deionized water (18 MΩ-cm, Facility Scale Reverse Osmosis/Ion Exchange Water 
Purification System, Applied Membranes Inc., Vista, CA, USA) was used to prepare samples 
and standards. The solvent acceptor phase was 15/85 (v/v) heptane/methanol solution. 
HPLC-grade solvents were purchased from Fisher Scientific (Ottawa, ON). Nonylphenol 
(97%), naphthalene (99%), pyrene (98%), acenaphthene (99%), and fluorene (98%) were 
purchased from Sigma Aldrich (Oakville, ON, CAN) and anthracene (99%) was purchased 
from Alfa Aesar (Ward Hill, MA, USA). 6PPDQ, IPPDQ, 77PDQ, DTPDQ, DPPDQ, and CPPDQ 
were obtained from HPC Standards Inc (Atlanta, GA, USA). Isotopically-labelled 6PPDQ 
(13C6-6PPDQ) was purchased from ACP Chemicals (Montreal, QC, CAN). For analysis of 
PPDQs, the acceptor phase solution included 20 ppb 13C6-6PPDQ internal standard and was 
acidified with 0.03% formic acid (Fisher Chemical, Ottawa, ON). ≥99.8% 
tris(hydroxymethyl)aminomethane (Sigma-Aldrich, St. Louis, MO, USA) was used to buffer 
the sorbent donor phase solutions, and the pH was adjusted using hydrochloric acid (HCl) 
or sodium hydroxide (NaOH). Sorbents included various sediments including Ottawa Sand 
(fOC = 0%; Chromatographic Specialties Inc.), Clean Sandy Loam (fOC = 1.85%; Sigma-
Aldrich), Clean Loam Soil (fOC = 5.96%; Sigma-Aldrich), and both pristine and UV-
weathered low-density polyethylene (LDPE, Sigma Aldrich). Surface areas were measured 
via N2-BET isotherm and are listed in Table 3.2.1. LDPE pellets were rinsed with methanol, 
air-dried, and exposed to 254 nm light for 8.8 days. Surface functional group changes due to 
photochemical ageing were monitored and reported in detail elsewhere.29,107 
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Table 3.2.1: Surface area data measured and provided by Dr. Marzieh Baneshi from the Dr. 
Stephanie MacQuarrie lab at Cape Breton University  

Sorbent Identity 
BET Surface Area 

(m2 g-1) 
Langmuir Surface 

Area (m2 g-1) 

Loam Soil 
CLNSOIL3-100G; 

Sigma-Aldrich 
10.6131 15.4847 

Sandy Loam 
CLNLOAM6-100G; 

Sigma-Aldrich 
4.0130 5.8392 

Weathered 
Low-Density 
Polyethylene 

CAT # 428043; 
Sigma-Aldrich 

1.5350 2.6262 

Pristine Low-
Density 

Polyethylene 

CAT # 428043; 
Sigma-Aldrich 

Not available 

 
3.2.2 Instrumentation 

PAH and nonylphenol experiments. Analysis was conducted with a single 
quadrupole (5975, Agilent Technologies Inc., Santa Clara, CA, USA) mass spectrometer 
coupled to an LEI interface described in Chapter 1. The selected ion monitoring (SIM) m/z 
measured with LEI are listed in Table 3.2.2 and the mass spectrometer settings were listed 
in Table 2.5.3 from Chapter 2. The construction and dimensions of the CP-MIMS probe 
used have been described previously (Chapter 2).107 Briefly, polydimethylsiloxane (PDMS) 
membrane (8.0 cm long, 170 µm thick, Silastic brand, Dow Corning, Midland, MI, USA) was 
mounted on 22-gauge stainless-steel tubing. The acceptor phase was flowed at 50 µL min-1 
with an HPLC pump (1100 series, Agilent Technologies). This flow was reduced post-
membrane to ~400 nL min-1 using a passive flow-splitter. 

Table 3.2.2: Selected Ion Monitoring (SIM) channels followed with the 5975 MS 

Analyte 
Selected Ion Monitoring 
(m/z) 

Nonylphenol 107 
Naphthalene 128 
Acenaphthene 153 
Fluorene 166 
Anthracene 178 
Pyrene 202 

 
PPDQ experiments. Analysis was conducted using electrospray ionization coupled 

to a triple quadrupole mass spectrometer (ESI-MS/MS; Perkin-Elmer QSightTM 220, 
Waltham, MA, USA). Instrument parameters and MS/MS transitions are listed in Table 
3.2.3. The dimensions of the CP-MIMS probe used have been described elsewhere.34 For 
solubility studies, the same probe dimensions described previously and in Chapter 2 was 
used. For sorption studies, the PDMS membrane (7.6 cm long, 55 μm thick, Permselect, 
MedArray, Inc., Ann Arbor, MI, USA) was mounted on 31-gauge stainless steel min-1 
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capillaries (Microgroup, Medway, MA, USA). The acceptor phase was delivered at 10 μL by 
a syringe pump (Chemyx Fusion 100, Stafford, TX, USA) and 10 mL gas-tight syringe 
(Hamilton 1000 series, Fisher Scientific). 

Table 3.2.3: SRM scans mass spectrometric settings and MS/MS transitions for the Perkin-
Elmer QSight 220 ESI-MS/MS 

Analyte 
[M+H]+→ Fragment 

SRM m/z 
transitions 

Entrance 
Voltage (V) 

CC L2 (V) 
Collision 
cell (V) 

13C6-6PPDQ 305→221 10 −56 −25 
6PPDQ 299→256 12 −56 −30 
DTPDQ 319→212 10 −84 −31 
DPPDQ 291→263 19 −52 −32 
IPPDQ 257→215 15 −60 −23 
CPPDQ 297→215 19 −64 −26 
77PDQ 335→237 25 −92 −26 

† Positive ion spray voltage: +4.0 kV, hot-surface induced desolvation (HSAID) source: 320 
°C, nebulization gas: 120 psi 
 
3.2.3 Thermodynamic sorption studies 

Sorption of PAHs and Nonylphenol to LDPE. LDPE pellets (0.0314 ± 0.0008 g) 
were added to a blank vial and multi-component solution vials ranging from 30–100 ppb 
(nonylphenol, naphthalene, acenaphthene, fluorene, and pyrene) and 9–30 ppb 
(anthracene). Vials with no sorbent added, containing the same concentrations, were used 
as a negative control. The samples were left stirring at 240 RPM at ambient room 
temperatures for 11 days until measurement.  

Sorption of PPDQs to LDPE and Sediments. For these solutions, the donor phase 
contained 50 mM tris(hydroxymethyl)aminomethane pH-adjusted to 8.08–8.10. Six 
sorbent series were created: 1) a blank treatment to which no sorbents were added, 2) 
pristine LDPE, 3) UV-aged LDPE, 4) Sandy Loam, 5) Loam Soil, and 6) Ottawa sand. For 
single-component sorption, a methanolic stock of 6PPDQ was used to create a series of 
aqueous solutions with concentrations ranging from 0–1000 ng L-1. The mass of added 
sorbents were 0.50 ± 0.01 g for sediments and 0.53 ± 0.02 g for plastics (17 pellets). The 
solutions were agitated on a shaker table at 240 RPM for 34 days prior to measurement. 
For multi-component sorption isotherms, a methanolic stock (137.3–146.0 mg L-1) was 
used to create aqueous solutions with concentrations ranging from 0–1170 ng L-1. The 
mass of sorbents added to each vial were 0.50 ± 0.01 g for sediments and 0.30 ± 0.01 g for 
plastics. The samples were prepared and left to shake at 200 RPM until the time of 
measurement ~42 days later. Due to these experiments being equilibrated at different 
times of the year, there may have been as much as a 5 °C difference in the ambient room 
temperature, with the multi-component sorption series experiencing higher temperatures 
(~20 °C). For multi-component sorption, the sorbent series 1, 2, and 4 were created in 
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triplicate. All sorbent series were measured in triplicate, and the resulting KD and 
associated uncertainty represents the mean and standard deviation. 

Table 3.2.4: Percent of analyte remaining after 6 weeks across a series a 

Analyte b 6PPDQ IPPDQ CPPDQ 77PDQ 
Percent Remaining 
(%) 𝑥̅ ± sd 

94 ± 10 90 ± 5 97 ± 13 37 ± 21 

a Calculated using the same-day calibration curve to quantify the no-sorbent control series 
(4 standard solutions) and dividing those values by their known, initial concentration. 
b DTPDQ and DPPDQ were not calculated due to concentration differences in the stock 
solution used to build the calibration curve and the original control solutions. 

 
Quantification. Quantification was carried out using 5-point calibration curves 

created the day of sample analysis. In the multi-component PPDQ sorption studies, the 
percent of 77PDQ remaining in solution after 6 weeks had poor recovery (Table 3.2.4) 
indicating poor stability over time for PPDQs, which has been observed previously in open 
vials especially for 77PDQ.77 Additionally, DPPDQ and DTPDQ were not fully solubilized 
when building the same-day calibration curve. Thus, for the multi-component sorption 
experiments the control series was used for quantification instead of the same-day 
calibration curve. Both quantification models yielded comparable results for 6PPDQ (Table 
3.2.5). An in-house constructed autosampler, described elsewhere,34 was employed for 
analysis of PPDQ samples. After measuring each vial, the probe was submerged in 
methanol to prevent sample carry over and for the signal to reach baseline signal intensity. 
After every 5 samples, a calibration check solution and a DI water blank were measured to 
confirm stable instrument performance. For PPDQ quantification, all signal intensities were 
normalized to the acceptor phase isotopically-labelled 6PPDQ internal standard to 
compensate for ionization effects and signal drift. Because 13C6-6PPDQ was used as internal 
standard, the poor performance for some PPDQs (77PDQ, DTPDQ, DPPDQ) may be 
attributable to poor compensation from the same internal standard used. Future work will 
test this hypothesis using recently acquired isotopically-labelled standards for DPPDQ and 
DTPDQ. 

Table 3.2.5: Calculated KD (L/g) for 6PPDQ with different quantification methods 

Calibration Curve 
Same-Day 

Calibration Series 

Calibration using  
Control Series 

(no added sorbent) 
Sandy Loam 0.18±0.04 0.13±0.04 

Loam Soil 0.19±0.06 0.20±0.07 
Pristine LDPE 1.87±0.08 1.54±0.07 

Weathered LDPE 18.42±0.90 18.39±0.93 

Ottawa Sand 0.47±0.38 0.39±0.13 
 
Sorption isotherms and partition coefficients. When equilibrium conditions are 

followed at the limit of low concentrations, a linear isotherm can be applied.109 To calculate 
partition coefficients (KD), linear isotherm plots were constructed. The analyte 
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concentration in solution (μg L-1 or ng L-1) was plotted on the x-axis and the mass amount 
of PPDQ on the mass of sorbent (μg g-1 or ng g-1) was plotted on the y-axis for all solutions 
in a series at equilibrium. To calculate the mass of analyte on the sorbent, the mass of 
sorbate measured in solution was subtracted from the theoretical sorbate mass loading, 
and divided by the mass of sorbent. The slope of the resulting plot is equivalent to the 
sorption partition coefficient (KD) (L g-1). To convert KD to KOC, the fraction of organic 
carbon (fOC) as used as illustrated in Equation 3.1: 

𝐾OC = 𝐾D/𝑓OC     (Equation 3.1) 
 

3.2.4 Aqueous solubility of PPDQ analogs 

Solubility experiments were performed at 25.4 ± 0.2 °C in triplicate for 6PPDQ with 
anywhere from 13–16 additions of a 30 μL substock (6.9 mg L-1 in acetonitrile) into 37.0 
mL of DI water (pH 5–6). Temperatures were controlled with a recirculating chiller (2095 
Bath and Circulator, Forma Scientific, Marietta, OH, USA). A sample vial was placed inside a 
double-walled beaker and water from the chiller was circulated through the outer layer. 
The water temperature inside the beaker, equilibrated with the sample, was measured 
with a digital thermometer. This resulted in a final co-solvent concentration of 0.1% v/v. A 
control experiment evaluating the solubility of 6PPDQ at elevated methanol concentration 
(2% v/v) showed no significant change to the observed solubility (Figure 3.2.1). To 
examine the impact of temperature on 6PPDQ solubility, the experiment was repeated (n = 
3) at 11.0 ± 0.3 °C and 41.0 ± 0.6 °C. The solubility of the PPDQ analogs were examined in a 
similar fashion using 10 μL spikes of stock solution (in methanol: 1.77 mg L-1 DTPDQ, 54.4 
mg L-1 IPPDQ, 22.1 mg L-1 CPPDQ, 2.88 mg L-1 77PDQ, and acetonitrile: 39.4 mg L-1 DPPDQ). 

 
Figure 3.2.1. Comparison of 6PPDQ solubility in A) deionized water and B) deionized 
water with 2% methanol co-solvent. 
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3.3 Results and Discussion 

3.3.1 Sorption studies for PAHs, PPDQs, and nonylphenol 

The partitioning of chemical contaminants to both natural sediments and 
anthropogenic plastics was investigated. Characterizing sorption behaviour is necessary 
for predicting the free and available fraction of analytes in the environment, as well as 
understanding the potential for contaminant remobilization or the operation of engineered 
treatment systems. Here, linear isotherms were measured for low and high organic fraction 
(fOC) sediments, and pristine and photochemically-aged low-density polyethylene plastic. 
Non-linear isotherms such as Freundlich and Langmuir models also describe sorption 
processes, but at the limit of low concentrations linear behaviour can be observed and 
modelled with the Henry isotherm.109 The resulting slope of the linear isotherm (KD) 
corresponds to the concentration on the solid sorbent (μg g-1) over the concentration in 
aqueous solution (μg g-1) at equilibrium. Sorption experiments were carried out by varying 
the concentration of chemical sorbates in solution while keeping the mass loading of 
sorbents constant. 

 
Figure 3.3.1. Comparison of literature log KOC values 
from Jesus et al. 110 to the KOC values calculate from 
our results (log KOC = log(KD / fOC); wherein fOC is 
assumed to be unity for LDPE plastics). 

 
A proof-of-principle experiment was performed analyzing the sorption of the same 

PAHs and nonylphenol which were used to characterize sorption kinetics in Chapter 2. In 
previous work, equilibrium for LDPE and anthracene, pyrene, naphthalene, and 
nonylphenol was observed to occur within a week (see Figure 2.3.3).107  Isotherm 
experiments were set up based on this equilibration time. Sorption data was collected and 
subsequently fit to a linear sorption isotherm, with good linearity for PAHs studied (R2 on 
average was 0.91 for the PAHs, Figure 3.3.2A). KD values for PAHs ranged from 0.5 ± 0.2 to 
27 ± 6 L g-1 as listed in Table 3.3.1. This experiment was performed once, and the 
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uncertainties reported are based upon the uncertainty in the slope. Consistent with the 
kinetic and thermodynamic results discussed in Chapter 2 (Figure 2.3.2 and Figure 
2.3.4), nonylphenol had the lowest sorption affinity (Figure 3.3.2A) and this compound 
was observed to have the lowest R2 value (0.55) and hence largest uncertainty on KD value 
(0.2 ± 1 L g-1). The KD values for the structurally related series of PAHs were found to scale 
linearly (R2 = 0.986) with their hydrophobicity as depicted in the linear free energy 
relationship (Figure 3.3.2B). Partition coefficients for PAHs have been previously 
analyzed,9 typically being converted to log KOC (L kg-1).110 Assuming 100% organic carbon 
content (fOC ~ 1), the calculated log KOC values were in very good agreement with literature 
values with a slope of log-log plot of 0.998 (see Figure 3.3.1).110 It should be noted that log 
KOC values are not typically determined on plastics which may explain small discrepancies 
between literature values and those reported here. 

Table 3.3.1: Partition coefficients and log KOC for nonylphenol and PAHs to LDPE a 
Analyte R2 KD (L g-1) log KOC (L kg-1) 
Nonylphenol 0.55 0.2±0.1 2±1 
Naphthalene 0.79 0.5±0.2 2.7±0.8 
Acenaphthene 0.90 2.2±0.3 3.3±0.5 
Fluorene 0.96 3.3±0.4 3.5±0.4 
Anthracene 0.96 6.9±0.9 3.8±0.5 
Pyrene 0.89 27±6 4.4±0.9 

a Measurement and experiment were performed once (n = 1). The uncertainty represented 
here is the uncertainty of the linear regression. 
 

 
Figure 3.3.2. A) Linear sorption isotherms for 5 polycyclic aromatic hydrocarbons 
(PAHs; pyrene, anthracene, fluorene, naphthalene, and acenaphthene) and nonylphenol. 
Partition coefficients (L g-1) and R2 are included in the legend. B) Log-log plot of the 
partition coefficients over the hydrophobicity (KOW) for the PAHs. 

 
It is apparent that CP-MIMS can be applied to rapidly and directly screen complex 

heterogeneous sorption solutions to yield meaningful isotherms without filtration, 



 

49 

 

 

centrifugation, or pre-concentration steps. Similar sorption isotherm experiments were 
subsequently set up for six PPDQ analogs (6PPDQ, IPPDQ, 77PDQ, DTPDQ, DPPDQ, and 
CPPDQ) on five sorbents (pristine and UV-weathered LDPE, low and high fOC sediments, and 
a negative control (Ottawa sand)). After 6 weeks of room temperature equilibration on a 
shaker table, the PPDQ samples were analyzed for the remaining solution phase 
concentrations using CP-MIMS with ESI and tandem mass spectrometry. Sorption of 6PPDQ 
was analyzed by itself and in the presence of the five PPDQ analogs. The percent of each 
analyte remaining in solution after six weeks are listed in Table 3.2.4. Analyzing these 
samples would be incredibly difficult without the use of automated CP-MIMS, as the 
sorption series require multiple experimental samples to find one KD value. 150 samples 
were required for multi-component sorption analysis and these vials were all measured in 
triplicate. In total, >270 samples were required for single- and multi-component sorption 
analysis. This translates to >480 analyses when including calibration, quality assurance and 
control, and replicate measurement. 

Table 3.3.2: Partition coefficients (KD (L/g)) for the PPDQ analogs to different sorbents. a 

 Sandy Loam  Loam Soil  Pristine LDPE  Weathered LDPE  Ottawa Sand  
6PPDQ  0.13±0.04 0.20±0.07 1.54±0.07 18.3±0.9 0.39±0.13 

DTPDQ 1.6±0.9 0.21±0.06 3.4±1.1 18±15 nd 

DPPDQ  nd 1.2±0.1 1.3±0.5 6.6±3.1 nd 

IPPDQ  nd nd nd 0.56±0.35 nd 

CPPDQ  0.34±0.04 0.24±0.05 1.8±1.0 13±1 0.59±0.20 

77PDQ  nd 1.59±0.32 13.1±4.9 nd   nd 
a When the standard deviation was larger than the mean, KD value is stated as a non-detect 
by this methodology. 

 
The sorption of 6PPDQ on the two LDPE sorbents was significantly higher than that 

observed on the two sediments and the sand, which were difficult to distinguish from one 
another as seen in Figure 3.3.3.A and summarized in Table 3.3.2. This is likely due to the 
considerably lower fraction of organic carbon in these samples. Ottawa sand, high fOC sandy 
loam, and low fOC loam soil had low partition coefficients ranging from 0.13 ± 0.04 L g-1 
(sandy loam) to 0.39 ± 0.13 L g-1 (Ottawa sand). The partition coefficient for pristine LDPE 
was 1.54 ± 0.07 L g-1, 4× greater than the largest sediment KD. The highest KD for 6PPDQ 
was on weathered LDPE (18 ± 1 L g-1), 12× greater than pristine LDPE. Comparing the 
sorption partition coefficients of different PPDQs to pristine LDPE (Figure 3.3.3.B), the 
trends were 77PDQ (13 ± 5 L g-1) >> DTPDQ (3.4 ± 1 L g-1) > 6PPDQ (1.54 ± 0.07 L g-1) = 
CPPDQ (1.81 ± 1.04 L g-1) > DPPDQ (1.3 ± 0.5 L g-1) > IPPDQ (Table 3.3.2). IPPDQ did not 
sorb significantly under the conditions employed in this study. 
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Figure 3.3.3. Linear sorption isotherms for A) 6PPDQ to five sorbents and B) the six 
PPDQ analogs to pristine low-density polyethylene (LDPE). 

 
Examining overall sorption trends (Figure 3.3.4A and Table 3.3.2) showed 

variation depending on the compound. Generally, the greatest sorption occurred to 
weathered LDPE, followed by pristine LDPE, with sediments demonstrating the least 
sorption. There was little sorption to IPPDQ and 77PDQ, and higher KD values were 
observed generally for CPPDQ, 6PPDQ, DTPDQ, and DPPDQ. CPPDQ and DTPDQ showed 
similar trends as 6PPDQ, albeit with slightly higher partition coefficients. DPPDQ also 
showed the same relative order of KD as 6PPDQ, with lower relative partition coefficients, 
while showing no detectable sorption to sandy loam or Ottawa sand. On 77PDQ, only 
sorption to loam soil (1.6 ± 0.3 L g-1) and pristine LDPE (13 ± 5 L g-1) was detectable (Table 
3.3.2), and all other partition coefficients were too small to be measured with confidence. 
The high KD for 77PDQ on pristine LDPE, coupled to the large relative error, indicates 
potential loss that was not completely accounted for when using the control solutions to 
quantify aqueous concentrations. The only measurable KD for IPPDQ occurred to 
weathered LDPE (0.6 ± 0.4 L g-1). 

Typically, microplastic-organic contaminant sorption is driven by hydrophobic 
interactions. This explains why there was greater sorption for plastic compared to 
sediments in this study, despite sandy loam and loam soil having larger surface areas than 
the plastics (Table 3.2.1). However, increased sorption to weathered LDPE compared to 
pristine LDPE was consistently observed for the PPDQs (Figure 3.3.4B). This phenomenon 
has been previously observed for compounds that contain polar functional groups (such as 
the PPDQs) and attributed to the process of plastic weathering resulting in an addition of 
surface polar functional groups capable of participating in hydrogen-bonding interactions 
(Figure 2.5.10).107 The exception was 77PDQ which showed more sorption to pristine than 
weathered plastic (Figure 3.3.4A). This compound’s bulky alkyl sidechains (Figure 3.1.1) 
may potentially sterically hinder hydrogen-bonding interactions. 
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Table 3.3.3: KOC for the PPDQ analogs to different sorbents. 

 Sediment Sorbents Sandy Loam Loam Soil 

 
Fraction Organic 

Matter (%) 
5.96 1.85 

KOC (L g-1) 
(log KOC, 
L kg-1) 

6PPDQ 2.2±1 (3.3±2.8) 11±4 (4.0±3.6) 
DTPDQ 27±15 (4.4±4.2) 11±3 (4.1±0.5) 
DPPDQ 5.8±6 (3.8±3.8) 63±6 (4.8±0.8) 
CPPDQ 5.8±1 (3.8±2.8) 13±3 (4.1±0.4) 
77PDQ 30±33 (4.5±4.5) 86±17 (4.9±1.2) 

 
The results (Table 3.3.3) are in reasonable agreement with recent work performed 

by others. Partitioning coefficients between organic carbon and water (log KOC, L kg-1) for 
6PPDQ have been found to be 3.2–3.5 32 for road dust and 2.8–3.6 for sediments.34 For 
6PPDQ, the range of values found was between 3.3–4.0 for different sediments (Table 
3.3.3). Work in our group found a trend between low and high organic fraction sediment 34 
after two days of sorption, but any difference was less obvious after weeks of equilibration 
(Figure 3.3.3. and Figure 3.3.5), suggesting that sorption on complex sorbents may have 
different kinetic regimes including initial sorption to surfaces exposed to the surrounding 
solution and a slower diffusion-limited process into the bulk sediment.66,67 These results 
would indicate that equilibration time, agitation, and temperature may play a more central 
role and should therefore be closely monitored. Recently, Zhu et al. claimed to report 
values for log KOC values 6PPDQ, 77PDQ, CPPDQ, and IPPDQ to real-world sediment but 
their results were internally inconsistent making it difficult to compare to our results.33 
However, their reported predicted log KOC values (EPI Suite) were found to be in a similar 
range (3.2–4.5 for the different PPDQs) to the experimental values calculated here.33 

 
Figure 3.3.4. Summary of A) partition coefficients of the six PPDQ analogs to five 
sorbents and B) the ratio of the partition coefficients for weathered and pristine low-
density polyethylene (LDPE) for the six sorbents. 
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Comparing sorption trends of 6PPDQ, by itself and in the presence of five other 

analogs, to five sorbents demonstrated the same sorption trends (Figure 3.3.5). The 
partition coefficients for 6PPDQ alone in solution were observed to have similar values for 
the sediments, though the KD for the plastics appeared greater when 6PPDQ was sorbing 
alone (Figure 3.3.5). This is potentially due to small competitive sorption effects even at 
the very trace sorbate concentrations (~1 ppb 6PPDQ vs ~7 ppb PPDQs) used in these 
studies. It may also be due to increased sorption at slightly lower room temperatures for 
the solo sorption compared to the multi-component sorption experiments. 

 
Figure 3.3.5. Comparison of 6PPDQ partition coefficients to 
five different sorbents alone (light blue) and in the presence of 
five other sorbates (dark blue). The solo sorption experiment 
was run from January-February, while the multi-component 
sorption was run from April-May. The temperatures were 
slightly (~2–5 °C) lower in the winter months. 

 
3.3.2 Aqueous solubility limits for PPDQs 

6PPDQ and analogs leach from tire wear particles (TWPs),101 leading to high 
contaminant levels in stream water after the compounds dissolve and are carried into 
streams during rain events.34 The degree to which this occurs is to some extent limited by 
the aqueous solubility limits of these compounds, a temperature-dependent property. The 
solubility of an analyte governs its behaviour in the aquatic environment, biological 
systems, and may provide challenges when constructing aqueous standards or toxicity 
studies if the solubility limits are exceeded. Various structural and thermodynamic factors 
influence solubility (𝐶w

sat) including the intermolecular forces between solute and solvent 
(6PPDQ can act as both an H-bond donor and acceptor) and the size (molar volume) of the 
compound. Solubility is an equilibrium (Equation 3.2) wherein the processes of solute 
dissolution and precipitation occur at equivalent rates. Δ𝐺° can be defined in terms of Keq 
(Equation 3.3) which can be related to the entropy change (ΔS) in a system when a solute 
dissolves, and the enthalpies (ΔH) of the solvent, solute, and solution.9 
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𝑃𝑃𝐷𝑄(s) 
Δ𝐺° 

⇌
𝑃𝑃𝐷𝑄(aq)   (Equation 3.2) 

Δ𝐺° = −RTln𝐾eq          (Equation 3.3) 

Figure 3.3.6A shows the chronogram representing the signal over time as spike 
additions of a PPDQ are added to aqueous solution. The CP-MIMS probe is impermeable to 
undissolved compounds, enabling us to monitor a saturated solution in situ, measuring 
only the free concentration in solution without introducing solute to the instrument. This 
was demonstrated previously in our group, showing good agreement between 
experimental (135 μg L-1) and literature (135 μg L-1) solubility values for the PAH pyrene.79 
Figure 3.3.6B shows the resulting data wherein the signal is plotted over the 
concentration added to solution. The intersection of linear portion of the calibration curve 
(below the solubility limit, black data points) and the data points above the solubility limit 
(red data points) corresponds to the solubility limit. 

 
Figure 3.3.6. Sample solubility experiment for DTPDQ: A) sample chronogram of 
internal standard-corrected signal changing over time as spike additions (indicated with 
grey arrows) of DTPDQ are added to solution, and B) the resulting normalized signal 
response at concentrations below (black data), above (red data), and at intermediate 
(green data) solubility. 

 
The solubility of PPDQ analogs (Figure 3.3.7A) at 25 °C were, in increasing order: 

DTPDQ (3.4 μg L-1) < 77PDQ (5.9 μg L-1) << 6PPDQ (31 ± 3 μg L-1) = CPPDQ (31.5 μg L-1) < 
IPPDQ (109.7 μg L-1) << DPPDQ (160 μg L-1). 6PPDQ’s solubility was measured in triplicate, 
and the series of PPDQs had a clear trend spanning two orders of magnitude. DTPDQ and 
77PDQ were observed to have the lowest solubility in aqueous solution, with 6PPDQ and 
CPPDQ at about the same intermediate solubility limit (9-fold greater than DTPDQ), with 
IPPDQ (32-fold greater than DTPDQ) and DPPDQ (47-fold greater than DTPDQ) having the 
highest solubility limits. 
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Figure 3.3.7. A) Solubility limits of the PPDQs in increasing order, and B) the 
resulting Van’t Hoff plot of the solubility limit (M) 6PPDQ at three different 
temperatures (11, 25, and 41 °C) 

 
The solubility limit of 6PPDQ (31 ± 3 μg L-1) agreed with the experimental value 

previously found by Hu et al. (38 ± 10 μg L-1).101 Molar volumes of the PPDQ analogs 
considered here were estimated using the molar volume occupied by each atom and the 
number of bonds.9,111 As expected for a structurally related series, a linear free energy 
relationship was observed between aqueous solubility and estimated molar volume 
(Figure 3.3.8) with the exception of DTPDQ. The larger an organic contaminant is, the 
more water-water solvent interactions need to be disrupted to create this hydrophobic 
cavity. This raises its free energy of solution, consequently lowering its solubility.9 
Accordingly, 77PDQ had the second lowest solubility limit, attributable to its relatively 
large (–C7H15) alkyl side chains. CPPDQ and 6PPDQ had similar solubility limits and 
estimated molar volumes, each with a –C6H13 sidechain, in cyclic and alkyl forms, 
respectively. IPPDQ was the smallest PPDQ analyzed here (Table 3.2.3) and had one of the 
largest solubilities, following DPPDQ which had a similar estimated molar volume (Figure 
3.3.8). It was unexpected that the solubilities of DTPDQ and DPPDQ were on either 
extreme, given that the compounds are similar outside of the methyl groups present on the 
aromatic rings on DTPDQ (Figure 3.1.1). DTPDQ was a clear outlier (Figure 3.3.8) and this 
may indicate that another factor is influencing the solubility or molar volume of DTPDQ in 
solution, such as dimerization. Generally, DTPDQ and DPPDQ exhibit anomalous behaviour 
in aqueous solution (e.g. inconsistent signal intensity in calibration standards). The reasons 
for this are still under investigation, but caution should be exercised interpreting results 
for these two compounds. 

For 6PPDQ, the impact of temperature on water solubility was also investigated. The 
solubility increased slightly with temperature, ranging from 29 ± 2 to 42 ± 6 μg L-1. A van’t 
Hoff plot was created by plotting the natural logarithm of the solubility against the 
reciprocal of the absolute temperature (Figure 3.3.7B). A linearized form of the Van’t Hoff 
equation (Equation 3.4) was used to find the enthalpy (𝛥𝐻) of dissolution from the slope.9 
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ln 𝐶w
sat =  −

Δ𝐻

RT
+ constant    (Equation 3.4) 

 
In the case of the dissolution for a solid, the enthalpy term consists of the excess enthalpy 
of the solution as well as the enthalpy (Δ𝐻𝑓𝑢𝑠𝑖𝑜𝑛) of the process of the structured 

intermolecular forces of the solid breaking in a process alike melting during dissolution.9 
The enthalpy change calculated from Figure 3.3.7B was 9 ± 3 kJ mol-1, where the 
uncertainty was calculated from the standard error of the slope. The dissolution of 6PPDQ 
is an endothermic process, as evidenced by positive calculated enthalpy change.  
 

 
Figure 3.3.8. Aqueous solubility against 
estimated molar volume using the atomic volume 
approach (Vix) outlined by Abraham and 
McGowan which is based on characteristic atomic 
volumes and subtracted bond volumes.9,111 

 
3.4 Conclusion 

The environmental fate and distribution of contaminants are governed by their 
physicochemical properties. Knowing these properties can ensure proper sample handling, 
assist treatment and mitigation strategies, and increase the accuracy of predictive 
modelling. Here, condensed phase membrane introduction mass spectrometry (CP-MIMS) 
was applied as a direct and high throughput approach to measure select physicochemical 
properties (aqueous solubility and partitioning). The solubility limits at 25 °C for six para-
phenylenediamine quinones (PPDQs), and for 6PPDQ at 11, 25, and 41 °C, are reported. 
Solubility scaled with the estimated molar volume for the PPDQs, and to our knowledge 
report the enthalpy of dissolution of 6PPDQ for the first time. Here six PPDQs, nonylphenol, 
and five polycyclic aromatic hydrocarbons (PAHs) were analyzed for their chemical 
partitioning (KD) to pristine, low-density polyethylene microplastic pellets. The calculated 
KD values for the PAHs matched literature values and were seen to scale linearly with their 
literature hydrophobicity (log KOW). For PPDQs, chemical partitioning was additionally 
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studied for weathered plastic and three sediments. Higher sorption consistently occurred 
for plastics over sediments, and to weathered plastics over non-weathered, pristine 
plastics. Plastic-PPDQ interactions are significant, particularly when plastics become 
weathered in the environment. Physicochemical properties at environmentally relevant 
concentrations for both legacy and emerging contaminants are provided here. Future work 
will proceed to characterize PPDQ desorption from sorbents such as sediments, plastics, 
and tire wear particles. 
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Chapter 4: Unique hepatic maternal transfer pattern of trace metals 
and perfluoroalkyl substances (PFAS) in a bluntnose sixgill shark 

(Hexanchus griseus) 

In 2019, a pregnant bluntnose sixgill shark specimen washed ashore in Coles Bay on 
Vancouver Island, British Columbia and liver samples were collected. Preliminary work to 
analyze the livers for persistent organic pollutants (POPs) applied condensed phase 
membrane introduction mass spectrometry (CP-MIMS) using a triple quadrupole mass 
spectrometer (Agilent Technologies Inc. 7010B GC/MS/MS, Santa Clara, CA, USA) with a 
chemical ionization source. The instrumental workflow was identical to that detailed in 
Chapter 2 with the following differences: 1) the solvent acceptor phase consisted of 
methanol (HPLC-grade, Fisher Chemical, Ottawa, ON, CAN), and 2) the MRM signals 
followed included an extended list of polycyclic aromatic hydrocarbon (PAH), phthalate, 
and polychlorinated biphenyl (PCB) compounds. 

Subsamples of liver tissue (1.0 g) were homogenized and suspended in 40 mL of 
solvent. Both 2-propanol and methanol were used as extraction solvents, resulting in two 
sets of samples. The CP-MIMS probe was submerged in a sample solution until a steady-
state signal was measured. The sample measurement was preceded and followed with a 
measurement of a pure solvent blank to collect signal baseline before and after sample 
analysis. When the 2-propanol experiment was analyzed, preliminary evidence of 
contaminants was observed. When the CP-MIMS probe was immersed in the sample 
solution, MRM transition signals corresponding with analytes which were present in 
solution increased, and the signal subsequently decreasing when the probe was returned to 
a pure 2-propanol solution (see Figure 3.4.1A). Despite this initial success, analysis with 
CP-MIMS proved challenging. 

When comparing the rise time of analytes in the sample solution versus calibration 
standards prepared in the same solvent, a significant difference was observed. This is 
illustrated in Figure 3.4.1A for the MRM transition corresponding to C14H10 PAHs (e.g., 
anthracene, 179.0 → 178.0 m/z). Here, the signal rise time in the sample was 6× longer 
compared to anthracene standard solutions in 2-propanol which were measured in the 
same experimental run (Figure 3.4.1A). Similarly, the washout period for the anthracene 
signal was longer in the sample solution than in pure 2-propanol. Similar experiments run 
using methanol as the extraction solvent showed evidence of the same analytes, but fats 
from the sample were visually observed to bind to the PDMS membrane and once the CP-
MIMS probe was submerged in pure methanol the signals did not return back to baseline 
(see Figure 3.4.1B). This was likely because, rather than analyzing the free concentration 
of analytes in solution, analytes were being extracted from the fats directly. The fats were 
more soluble in 2-propanol, but there were still larger rise times and washout periods. This 
could be due to interactions of lipids with the PDMS membrane, forming a fat-based 
polymer inclusion membrane,112 or due to lower analyte partitioning between PDMS and 
the solvent/lipids mixture compared to PDMS and pure solvent. 
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Additionally, membrane extracts collected off-line showed potential evidence that 
the membrane is permeable to matrix components in the shark liver tissue. The CP-MIMS 
probe was submerged in a sample extract for an hour, during which the acceptor phase was 
collected. Examination of the collected acceptor phase revealed what appeared to be 
droplets of fat. This indicated that fats or proteins could cross the membrane which could 
be problematic for the instrument in the long-term. This observation in combination with 
the long rise times made rapid analysis of the tissue extracts untenable.  

 
Figure 3.4.1. Chronogram of select MRM transitions in A) blank 2-propanol (IPA), 
switched to shark liver sample in IPA at ca. 5 min, switched to pure IPA solution to which 
four successive spikes of anthracene (C14H10, red) stock solution were added (ca. 80, 85, 
90, 95 min), then switched to pure IPA (ca. 100 min), and B) blank methanol (MeOH) 
switched to shark liver sample in MeOH at ca. 7 min, and switched to pure MeOH at ca. 27 
min. The MRM transitions followed included those associated with bis(2-ethylhexyl) 
phthalate (BEHP) and DBP (dibutyl phthalate), the C14H10 PAH class (e.g., anthracene), 
the C20H12 PAH class (e.g., benzo[a]pyrene), and 4- and 5-chlorine polychlorinated 
biphenyls (PCBs). 

 
This preliminary effort provided evidence of persistent organic pollutants in the 

liver of the sixgill shark, but it was clear that the analytes needed to be separated from the 
complicated liver matrix as much as possible. Additionally, persistent organic pollutants, 
such as PAH isomers, may be isobaric interferences while having different toxicities.47 
There is no chromatographic separation in CP-MIMS, so the specificity of isomer 
information is lost when using this technique without utilizing additional strategies such as 
selective chemical ionization.47 Going forward, more conventional approaches to quantify 
contaminants, such as liquid chromatography mass spectrometry (LC-MS), were used. 
Analytes which did not have high affinities for lipids and consequently showed good 
recoveries after sample extraction were also prioritized. 
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The subsequent work is in the form that was submitted after revisions to 
Chemosphere and is included here with minor changes and permission from Misha Zvekic 
(conceptualization, methodology, validation, formal analysis, investigation, original draft 
writing, review and editing, and visualization), Holly V. Barrett (methodology, validation, 
review and editing, and investigation), Peter Diamente (methodology, resources, and 
supervision), Hui Peng (review and editing, resources, funding acquisition, and 
supervision), and Erik T. Krogh (conceptualization, review and editing, resources, project 
administration, funding acquisition, and supervision). 

4.1 Introduction 

Sharks are an ancient class of fish with diverse reproductive strategies.113 Bluntnose 
sixgill sharks (Hexanchus griseus) are a yolk-sac viviparous species, growing eggs which 
then hatch internally with the resulting young undergoing live birth. No placental feeding 
occurs for sixgills which are fed via yolk sac, and thus the yolk is the only course of 
maternal provisioning.114 Sixgills from the Mediterranean region were found to take up 
metal contamination,115,116 which can have a negative impact on fish health.117 Several 
classes of persistent organic pollutants (POPs) including polycyclic aromatic hydrocarbons 
(PAHs) and polychlorinated biphenyls (PCBs) have also previously been detected in the 
liver of a sixgill caught from the central Mediterranean Sea.115 Additionally, 
polybrominated diphenyl ethers (PBDEs) were found in sixgills captured alive in Suruga 
Bay, Japan.118 Bluntnose sixgill sharks have been classified as threatened or severely 
depleted in certain regions, near-threatened in the IUCN Red List of Threatened Species,119 
and a species of special concern in Canada under the Species at Risk Act (SARA) in 2009.120 
Quantifying a broader spectrum of contaminant concentrations in sixgills would increase 
our understanding of the potential risks of pollution to this species. 

The metabolic function of the liver makes it a target for the accumulation of many 
contaminants including toxic metals,121 which can then potentially be transferred from 
mother to offspring through maternal offloading processes.122 Maternal transfer 
efficiencies of inorganic contaminants in yolk-sac fed viviparous sharks have been found to 
vary based on metal.121 Maternal transfer is concerning as early life-stage animals are 
typically more sensitive to contaminants. However, the maternal transfer efficiencies of 
inorganic and organic contaminants in sixgills remain unknown. 

Organic contaminants are bioaccumulated from the environment and transferred 
via different mechanisms compared to inorganic contaminants. In fish, perfluoroalkyl 
substances (PFAS) have been observed to accumulate in the liver relative to other 
organs,123 possibly due to interactions with liver fatty acid binding proteins 8,124 and polar 
lipids.125 PFAS are a diverse class of xenobiotic contaminants which have been linked to 
negative ecological and health impacts.20,21 Despite regulations on PFAS production, these 
contaminants continue to persist in environmental compartments such as surface water 
and sediment,123 as well as a wide variety of marine organisms.126–129 The impacts of PFAS 
as a contaminant class and of individual PFAS compounds have not yet been fully 
characterized. However, PFAS are thought to interfere with evolutionarily conserved 
metabolic pathways,123 which could result in toxicity effects in fish. Further, marine 
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organisms which accumulate PFAS could serve as an additional concentrated source to 
other organisms 130 and can reveal information about the presence of bioavailable PFAS in 
the region. Previous findings indicate that maternal transfer of PFAS in marine mammals is 
possible through placental and lactational routes.127,129 Additionally, the muscle-muscle 
maternal transfer of POPs such as PFAS including perfluorocarboxylic acids (PFCAs) and 
perfluorosulfonic acids (PFSAs) was recently reported for yolk-sac viviparous tiger sharks 
collected from the Southwest Indian Ocean.131 Briefly, PFCAs were found to accumulate to a 
greater extent than PFSAs in the muscle tissue of the embryos, increasing with carbon 
chain length. Sharks have very diverse physiological requirements and behaviours as well 
as reproductive strategies, consequently more work is required to understand maternal 
transfer trends in different shark species. 

In February 2019, a bluntnose sixgill shark washed ashore dead from the Strait of 
Georgia in the Salish Sea (British Columbia, Canada), carrying 72 unborn full-term 
offspring. This specimen provided a unique opportunity to examine the fate and 
distribution of contaminants (both organic and inorganic) in a sexually mature sixgill shark 
inhabiting the deep waters of the Salish Sea, and to investigate the difference in 
contaminant load between mother and offspring. Based on previous studies on maternal 
transfer in other shark species,131 it was hypothesized that maternal transfer of 
contaminant PFAS and metals could occur. However, the types of reproductive strategies in 
sharks are diverse, and sixgills provide maternal nutrition solely via a yolk-sac which 
potentially limits maternal transfer opportunities. Here, the concentration of 18 targeted 
inorganic elements and 21 targeted PFAS were analyzed in liver samples from the mother 
and offspring. To these authors’ knowledge, contaminant loads in sixgills from the Salish 
Sea have not been previously reported. This work represents the first analysis of PFAS 
concentrations and mother-offspring maternal transmission in sixgill sharks. 

4.2 Material and Methods 

4.2.1 Sample Collection and Extraction 

A deceased bluntnose sixgill shark was discovered in Coles Bay, Vancouver Island, 
BC, Canada on February 5th, 2019 (48.63028, −123.46635, Figure 4.5.1). The specimen 
was 4 m long and pregnant with 72 offspring, one of which was found in the cloaca. A 
smaller subset of offspring (n = 8) was available for analysis. Samples of the maternal and 
offspring liver tissues were excised with a stainless-steel knife and stored in individual 
plastic bags at −20 °C until the time of analysis. When collecting subsamples of the livers, 
care was taken to excise tissue from the center of large (3 kg) subsections of the organ 
(mother) or the whole organ (offspring), discarding tissue that had been in contact with 
plastic. Extraction methods and subsampling strategies are summarized in more detail 
below and in the supporting information (Figure 4.5.2). 

4.2.2 Chemicals and Reagents 

Acid digestions for elemental analysis were carried out using 69.0–70.0% nitric acid 
(HNO3) (Nitric Acid for Trace Metal Analysis, Thermo Scientific, Fisher, Ottawa, ON, CAN) 



 

61 

 

 

and 30% (w/w) hydrogen peroxide (H2O2) (Sigma Aldrich, St. Louis, MO, USA). Multi-
element standard solution V for ICP (TraceCERT®, Fluka, Sigma Aldrich) was used for 
standard additions, direct calibration curves, and for quality control (Table 4.5.1). Dogfish 
liver Certified Reference Material DOLT-5 (National Research Council Canada, Ottawa, ON, 
CAN) was used as a certified reference material (CRM) for method validation (Table 4.5.2). 
For the defatting step described in the supporting information, ACS-grade dichloromethane 
(VWR, Mississauga, ON, CAN) was used. Ultra-pure water (18 MΩ cm, Facility Scale Reverse 
Osmosis/Ion Exchange Water Purification System, Applied Membranes Inc., Vista, CA, USA) 
was used for dilutions. For PFAS analysis, 21 native PFAS (PFAC-MXC) and 13 isotopically-
labeled standards (MPFAC-MXA) were purchased from Wellington Laboratories (Guelph, 
ON, CAN; Table 4.5.3 and Table 4.5.4). HPLC-grade methanol and acetonitrile were 
obtained from Fisher Scientific. 

4.2.3 Quality Assurance/Quality Control 

For elemental analysis, deionized (DI) water was run before and after calibration 
curves and samples to flush out the lines and to monitor for any carryover effects. 
Procedural digestion blanks were used to background subtract the samples. The 7–8-point 
standard additions used for quantification had a concentration range from 6–310 μg L-1 or 
60–3100 μg L-1, depending on the element. The same concentration ranges were used to 
build direct calibration curves in DI water to estimate the sample detection limits (Table 
4.5.1). The percent bias for the method (Table 4.5.2) was found by digesting 0.5 g of CRM. 
Spiked (50 or 500 μg L-1) and unspiked digests were used to calculate percent recoveries. 
Only analytes and wavelengths which behaved reproducibly, provided linear response 
within standard additions, and had good recoveries (80–120%) were reported (Table 
4.5.1). The measurement relative standard deviation (RSD) from the ICP was ca. 1% for all 
elements reported here. To investigate variation in the extraction method versus variation 
due to sample heterogeneity, the same offspring specimen (n = 1) was digested and 
analyzed in triplicate. The resulting concentrations detected (Table 4.5.5) had lower 
relative standard deviations (3× smaller RSD on average) compared to when all (n = 8) 
offspring sharks were compared. This indicates that variance in concentration was 
predominantly due to heterogeneity between samples. 

An 8-point multi-component methanolic calibration curve of the native PFAS at 
concentrations ranging from 1–64 μg L-1 was used for quantification. The relative response 
of each native PFAS against their corresponding isotopically-labeled internal standard (10 
μg L-1) was plotted against the concentration. Strong linearity (R2 > 0.984 (Table 4.5.3) 
was observed for all PFAS. Mean recoveries across samples were determined using 
isotopically-labeled PFAS, which ranged from 104 ± 21% (13C4-PFBA) to 160 ± 31% (13C2-
PFDA) (Table 4.5.4). To monitor carryover, methanol injections occurred after every 5 
samples. To monitor stability, 8 μg L-1 of combined standards were injected every 5 
samples. 
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4.2.4 Instrumental Analysis 

Sample extraction of inorganic elements and subsequent analysis with an 
inductively coupled plasma optical emission spectroscopy (ICP-OES) instrument is detailed 
in the supporting information. Four separate subsections of the mother’s liver and eight 
individual offspring livers were digested and quantified by standard additions (Figure 
4.5.3). Details on how metal concentrations were quantified are summarized in the 
supporting information and are reported in dry weight. Each standard addition analysis 
was done once per offspring or mother sample. 

Sample extraction of PFAS and subsequent analysis with liquid chromatography-
electrospray ionization-high resolution mass spectrometry (LC-ESI-Orbitrap) is detailed in 
the supporting information. Each of the five offspring sharks were extracted in triplicate. 
Two separate subsections of the adult female shark were each extracted in triplicate, along 
with a composite sample wherein three separate subsections were mixed in equal mass 
portions prior to homogenization. The concentration of PFOS was found to be an outlier via 
the Grubb’s test for one replicate of one of the adult female subsections. That replicate was 
thus rejected and not included in the analysis. Details on how the PFAS concentrations 
were quantified are summarized in the supporting information and reported in wet weight. 

4.2.5 Bioconcentration and Maternal Transfer 

To compare the concentrations in the organism and in the environment, 
bioconcentration factors (BCFs) were estimated using Equation 4.1 132 and historical 
water concentrations of the Strait of Georgia obtained from literature 133 (Table 4.5.6): 

𝐵𝐶𝐹 =  
[𝐶𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑛𝑡]𝑜𝑟𝑔𝑎𝑛𝑖𝑠𝑚

[𝐶𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑛𝑡]𝑎𝑞𝑢𝑎𝑡𝑖𝑐 𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡
    (Equation 4.1) 

The maternal transfer ratio (MTR) was calculated by dividing the mean 
concentration of contaminants in the offspring’s liver by the mean concentration of 
contaminants in the mother’s liver (Equation 4.2). In the event where a contaminant was 
not detected in the mother, the limit of detection concentration is used to calculate the 
lower bound of maternal transfer. Information on uncertainty estimates is detailed in the 
supporting information. 

𝑀𝑇𝑅 =  
[𝐶𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑛𝑡]𝑜𝑓𝑓𝑠𝑝𝑟𝑖𝑛𝑔

[𝐶𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑛𝑡]𝑚𝑜𝑡ℎ𝑒𝑟
                 (Equation 4.2) 

4.3 Results and Discussion 

4.3.1 Inorganic elements with ICP-OES 

The distribution of metals in the Strait of Georgia differs from other water bodies 
due to both the natural variation of metal abundances as well as potential anthropogenic 
inputs from adjacent mining and other activities in the area.133 The Strait of Georgia 
receives input from nutrient-rich Pacific waters upwelling, the bulk of which remains in the 
deep waters (>200 m) where sixgills dwell.134 The levels to which elements accumulate in 
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an organism is related to diet, physiology, and metabolic behaviour as well as the element’s 
environmental abundance and intrinsic chemical properties.6 Some elements (e.g., calcium, 
magnesium) are biologically necessary,135 whereas many other elements are essential at 
trace levels and toxic at elevated concentrations (e.g., copper, zinc),117 or non-essential and 
harmful at any concentration (e.g., cadmium, lead).132 The distribution and concentration of 
different inorganic elements, both essential and toxic, can vary over an organism’s 
lifespan.136 The concentration of macro- and microelements were analyzed in a sixgill 
which dwelled in the Strait of Georgia as well as the offspring, allowing us to use the sixgill 
to probe the bio-concentration of contaminants in the region as well as maternal-offspring 
transfer. 

In the adult shark, elemental concentrations ranged from high (>400 mg kg-1 dw) to 
low (<1 mg kg-1 dw) levels within the sample. Eighteen elements were analyzed in four sub-
sections of maternal liver and one liver subsection in eight separate offspring. Of these, four 
elements (Ag, Ba, Be, Bi, and V, Table 4.5.1) were below our detection limits in all samples. 
The concentrations of the remaining 14 elements are represented as boxplots in Figure 
4.3.1 and as mean values in Table 4.5.7. Iron had the highest concentration in the 
maternal liver and was sixteen times more concentrated than calcium, which was the 
second most concentrated element measured. Copper, zinc, magnesium, zinc, and calcium 
ranged from concentrations of 11–25 mg kg-1 dw. The elements present at the lowest 
detectable levels (1–10 mg kg-1 dw) included manganese, chromium, cobalt nickel, 
molybdenum, cadmium, and lead. In the offspring, most metals were detected at lower 
concentrations compared to the mother (see Figure 4.3.1), with manganese being below 
detectable limits. Most elements were present at low (ca. ≤5 mg kg-1 dw) levels, including 
iron, zinc, lead, molybdenum, chromium, cobalt, nickel, and cadmium. Levels of copper, 
magnesium, and calcium in the offspring ranged from 10–34 mg kg-1 dw and were similar 
to the mid-range concentrations detected in the adult shark. 
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Figure 4.3.1. Boxplots representing metal concentrations (in mg kg-1 dry 
weight (dw)) in four subsections of the mother’s liver (dark red) and in eight 
separate pup livers (light blue) boxplots. Detection limits are reported in 
Table 4.5.1. 
 
Bioconcentration of both essential and toxic elements occurs in the liver tissue of 

marine organisms.121 Limited information exists on the concentrations of metals available 
at the depths that the sixgill and its prey items dwell. However, when comparing our 
specimen to the average metal concentrations in the Strait of Georgia recorded in a 1983 
review paper,133 the calculated bioconcentration factors (BCFs) revealed that the 
concentration of elements in the liver were orders of magnitude (102–106) greater relative 
to the water column (Table 4.5.6). The calculations here are based on one specimen and 
historical concentration data, so these authors caution against generalizing these 
preliminary findings. 

Few studies have examined elemental concentrations in adult sixgill sharks, and the 
findings suggest that elemental variation is influenced by the region that the sharks were 
found. In 2019, a deceased mature sixgill was found in the central Mediterranean Sea 
(Strait of Messina).115 Comparing the concentrations detected in our sample from the Strait 
of Georgia (SoG) to the shark collected from the Strait of Messina (SoM) revealed some 
variation in elemental concentrations (Table 4.3.1). The mean concentrations of some 
elements were comparable in both specimens (Ca, Mn, Cu) while others were lower (Zn, 
Mg) or higher (Fe, Cr, Cd, Pb, Co, Ni, Mo) in the SoG shark compared to the SoM specimen. 
For toxic metals, greater concentrations in the SoG shark were observed compared to the 
SoM shark, with cadmium and lead being 5–10-fold greater, respectively. Cadmium is 
present at naturally elevated levels in the Strait of Georgia due to upwelling from the 
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Pacific Ocean, and anthropogenic inputs are thought to be minimal.137 Nonetheless, this 
metal has historically contaminated marine organisms such as oysters in the region.138 

Comparing sixgill specimens found in similar regions indicates that sixgills have 
some natural variation in elemental concentrations (Table 4.3.1). Concentrations of 
cadmium and iron and were similar in Mediterranean sixgills analyzed in 2019 115 and 
1993,116 while the concentrations of copper and zinc were 2–3-fold greater in the 2019 
specimen. The comparisons made here are limited due to paucity of available data and 
variations between different sixgills including diet, age, and sex of the specimen.131 While 
both the 2019 SoG and SoM sharks were determined to be sexually mature, neither shark 
was aged and the SoM sharks were not sexed. Further research expanding the dataset is 
required to draw more generalized conclusions about elemental bioaccumulation trends 
and differences between regions, time periods, and individual sixgill specimens. 

The inter-sample variation in metal concentration was observed in Figure 4.3.1 in 
multiple liver subsections of the adult and between the liver samples of different offspring. 
Intra- and inter-sample variation for metal concentrations was further quantified for the 
offspring in Table 4.5.5. The heterogeneity in the adult was likely due to the size of the 
liver, and this variation was captured by digesting and extracting separate subsections of 
the liver sample. 

Table 4.3.1: Summary of metal concentrations in sixgill sharks 

Location Mediterranean Sea Strait of Georgia 

Substrate 
Adult Sixgill Liver 

(mg kg-1 ww) 
Adult Sixgill Liver 

(mg kg-1 dw) 
Adult Sixgill Liver 

(mg kg-1 dw) a 

Year 
1993 

116 
2019 

115 
2019 

Present Study 
Ca — 24.1 ± 0.7 25 ± 17 

Mn 1.21 0.67 ± 0.05 0.9 ± 1.9 

Fe 79.3 70 ± 4 395 ± 72 
Zn 15 26.5 ± 1.0 13.1 ± 2.1 
Cr — 0.068 ± 0.01 1.8 ± 1.8 
Co — 0.057 ± 0.007 2.2 ± 1.7 
Ni — 0.28 ± 0.02 2.7 ± 1.9 
Cu 4.38 11.7 ± 0.8 16.2 ± 3.7 
Mo — 1.6 ± 0.3 4.3 ± 1.9 
Cd 1.06 1.14 ± 0.09 6.3 ± 2.0 
Pb — 0.68 ± 0.07 7.3 ± 2.8 

a Uncertainty estimates based on heterogeneity of results from different liver subsamples.  
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4.3.2 PFAS with LC-ESI-Orbitrap 

The North Pacific Ocean was reported to have a diverse PFAS profile and the second 
greatest summed PFAS concentration after the Indian Ocean.123 PFAS detected in North 
Pacific water, sediment, and plankton include perfluorocarboxylic acids (PFCAs; C4–C11 
with notably high levels of PFOA) and perfluorosulfonic acids (PFSA; C4, C6–C8).123,139 It has 
been proposed that fatty acid binding proteins enable PFAS to concentrate in liver tissue,8 
and recently PFAS was detected in the livers of aquatic species.123,126,129 The hepatic PFAS 
concentrations in the mother and offspring were measured and the results are represented 
as boxplots in Figure 4.3.2 and summarized in Table 4.5.8. 

The only PFAS present above detectable limits in the adult sixgill liver was a PFSA, 
perfluorooctanesulfonic acid (PFOS) at 13 ± 9 ng g-1 ww (median 7 ng g-1 ww). The 
carboxylated PFCAs being below the limit of detection in the adult shark was unexpected. 
There are greater concentrations of PFOA than PFOS in the North Pacific Ocean,123 but 
PFOA was not detected in any of our specimens. PFSAs have been found to demonstrate 
greater protein 123 and phospholipid 125 binding affinities than PFCAs of the same chain 
length. However, the few studies measuring PFAS in sharks performed to date differ from 
our findings – measuring PFCAs, albeit at lower concentrations than our detection limits, at 
higher levels than PFOS.131,140 These studies indicate larger bioaccumulation of PFCAs 
relative to PFOS in adult sharks. These studies were performed on tiger sharks (Galeocerdo 
cuvier) and bull sharks (Carcharhinus leucas) collected off the West coast of Reunion Island 
in the Indian Ocean,131 and blue sharks (Prionace glauca) in the North Atlantic Ocean.140 
Analysis revealed that there were lower concentrations of PFAS in the aplacental 
viviparous tiger sharks (Σ7PFAS 0.144 ± 0.053 ng g-1 ww) relative to placental viviparous 
bull sharks 131 and blue sharks.140 The highest concentrations of PFAS in shark liver was 
detected in the North Atlantic blue shark study (Σ7PFAS 12 ± 6 ng g-1 lipid weight (lw) 
(PFOS, PFHxA, PFOA, PFNA, PFDA, PFUnDA, and PFDoDA)) 140 with a similar magnitude as 
our sixgill specimen (Σ7PFAS 13 ± 9 ng g-1 ww (PFOS, all others were below LOD)). These 
levels were considerably greater than those found in the muscle tissue of the Indian Ocean 
specimens (Σ7PFAS 0.5 ng g-1 ww (PFOS, PFNA PFDA, PFUnDA, PFDoDA, PFTrDA, and 
PFTeDA)).131 Comparatively, the loadings in the adult shark analyzed in the present study 
appear relatively high. The non-detectable levels of PFCAs in our adult specimen indicates 
that PFSAs and PFCAs either do not bioaccumulate in the liver with the same efficiency, or 
that the behaviour and fate of these compounds in sixgill sharks differs, particularly in the 
event of maternal transfer. 

In contrast to the adult, the number and concentration of PFAS compounds detected 
in the offspring sixgills were significantly greater. Seven of the PFAS compounds were 
present above the limit of detection (Table 4.5.8) and were predominantly 
perfluorocarboxylic acids (PFCAs) ranging from C9–C14 chain length. Mean values of PFCAs 
in the offspring as ng g-1 ww were 1.3 ± 0.4 PFNA (C9), 2.7 ± 0.4 PFDA (C10), 20 ± 3 PFUnDA 
(C11), 2.8 ± 0.7 PFDoDA (C12), 26 ± 4 PFTrDA (C13), and 3.2 ± 0.9 PFTeDA (C14). The only 
detected PFSA was PFOS (C8), present at 16 ± 2 ng g-1 ww (median 16 ng g-1 ww) in the 
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offspring. As seen in Figure 4.3.2, the total summed PFAS median concentration in the five 
offspring was roughly ten-fold greater than in the mother.  

Examining the properties of the PFCAs accumulated in the offspring, there was a 
prevalence of long fluorocarbon chain length (≥C9) PFCAs at concentrations ranging from 
1.5 ± 0.5 ng g-1 ww PFNA (C9) to 26 ± 4 ng g-1 ww PFTrDA (C13) (Figure 4.3.2). This was 
consistent with previous results finding stronger affinity of longer-chain PFCAs to tissue 
proteins and lipids.8 In general, odd-chain length PFCAs [PFUnDA (C11), PFTrDA (C13)] were 
observed to be present at greater concentrations (∑2PFAS 46 ± 7 ng g-1 ww) compared to 
even-chain length PFCAs [PFDA (C10), PFDoDa (C12), PFTeDa (C14)] (∑3PFAS 9 ± 2 ng g-1 
ww). This phenomenon has previously been observed in marine fish, including sharks, and 
is attributed to the greater atmospheric and microbial degradation and metabolism of 
even-chain length PFCAs to fluorotelomer alcohols.123,131 In the offspring, there was lower 
levels of PFOS than ∑PFCAs, consistent with trends observed in adult sharks in previous 
studies.131,140 This may be due to efficient maternal transfer of different types of PFAS, and 
not necessarily the efficiency of bioaccumulation. Due to the more similar structure of 
PFCAs to fatty acids, an unknown active transport mechanism for endogenous fatty acids 
might be employed to transport PFCAs. Future studies are warranted to clarify the exact 
biochemical mechanism of PFCAs accumulation and transfer in sixgill sharks. 

Shark species previously analyzed have had PFAS levels which exceed the levels 
detected in our adult specimen, but not the levels accumulated in the offspring.131,140 The 
contaminants become concentrated in the offspring’s liver which had a volume many times 
smaller than the adult’s liver until the offspring finishes maturing. However, the high PFAS 
concentrations measured in the sixgill offspring relative to offspring from previous studies 
are especially notable due to the vulnerability of young organisms.131,141 The same PFAS 
were detected in tiger shark and bull shark embryos from the Chynel et al. study as were 
detected in the offspring sixgill in our present study (Σ6PFCAs = 56 ± 9 ng g-1 ww sixgill 
sharks), but at much lower levels (Σ6PFCAs = 1.3 ± 0.3 ng g-1 ww tiger sharks, 0.177 ± 0.02 
ng g-1 ww bull sharks).131 The only PFSA above LOD in the these studies was PFOS, which 
was also present at lower levels in sharks analyzed in previous studies 131,140 compared to 
the adult and offspring sixgill here. Our findings indicate our sixgill accumulated significant 
amounts of PFOS, along with six PFCAs, which it subsequently transferred to its offspring. 
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Figure 4.3.2. Boxplots representing the concentrations (ng g-1 wet weight 
(ww)) of PFSAs (PFOS) and PFCAs (PFNA, PFDA, PFUnDA, PFDoDA, PFTrDA, 
and PFTeDA) in order of increasing chain length along with the summed total 
of PFAS in the mother (dark red, n = 2 separate liver extracts and 1 composite 
sample of 3 separate liver extracts) and offspring (light blue, n = 5). Detection 
limits are reported in Table 4.5.8. 

 
4.3.3 Maternal transfer 

Maternal transfer is the process whereby substances including contaminants are 
passed to offspring. In mammals, this is generally associated with transfer through the 
placenta or the high lipid and protein content of breast milk.127,128 While shark 
reproduction strategies are diverse, some sharks have been found to passively transfer 
contaminants to their offspring.122 The mobilization of lipids from the liver to the 
developing yolk sac in vitellogenesis is thought to transfer concentrated lipophilic POPs in 
sharks.122 In contrast to typical POPs, PFAS and inorganic elements are not thought to have 
high affinity for most fats.121,142 However, they both have been observed to concentrate in 
liver tissue.121,126 Here, the liver lipid content was determined to be similar in both mother 
and offspring (57 ± 8% and 55 ± 3%, respectively, Table 4.5.8), so the concentrations were 
not normalized by lipid content when estimating the maternal transfer ratios. While this 
single specimen gave us a unique opportunity to study maternal transfer, these authors 
caution against overgeneralization. 
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To characterize maternal transfer, the ratio of the mean concentration values in the 
subset of the offspring analyzed relative to that in the mother were calculated (Figure 
4.3.3). With the exception of the macronutrients calcium and magnesium, the metals were 
observed to be higher in the mother than the offspring, leading to maternal transfer ratios 
(MTRs) of less than 1. Despite the relatively large variation within mother and offspring 
samples suggesting heterogeneity within these samples, several trends emerge. Copper and 
chromium had MTRs ~0.6 ± 0.1, and molybdenum, lead, and strontium had MTRs ~0.4 ± 
0.1, while cobalt, nickel, and zinc had MTRs ~0.3 ± 0.1. Interestingly, the MTRs for 
cadmium and iron were well below 0.1 indicating minimal maternal transfer. Manganese 
was not detected in the offspring samples, so the MTR reported represents an upper limit. 
Some elements (Ag, Ba, Be, Bi, and V) were not detected in either mother or offspring. 

Previous studies comparing maternal transfer of metals in placental viviparous 
sharks have found the concentration of metals such as iron, zinc, cobalt, and copper to be 
higher in concentration in the offspring than the mother,141,143 which was not observed in 
our aplacental, yolk-sac viviparous sixgill specimen. These elements, which are all 
biologically necessary at certain levels,117 had MTRs of less than 1 in the current study. 
MTRs ≥1 were observed for calcium and magnesium (Figure 4.3.3), which is different than 
the MTRs observed in a placental viviparous shark.143 Low maternal transfer efficiency was 
also observed for toxic elements. Lead and cadmium are both toxic to fish, causing 
immunotoxicity and neurotoxicity as well as oxidative stress, respectively.144,145 The MTR 
of lead was < 0.5 and cadmium had one of the lowest MTRs of the elements investigated 
here (0.025). Despite the low MTRs for metals, it is likely that the mass of toxic elements 
offloaded from the mother to the offspring is significant given the relatively high fecundity 
of this species. However, the low MTRs for essential elements may pose a challenge for the 
young sharks. While metal homeostasis in the liver is predominantly governed by metal-
binding proteins (e.g., metallothionein),146 these proteins were not analyzed here. 

Concentrations of the essential element iron 132 in the mother was observed to be 
70-fold higher than the offspring, resulting in an MTR of 0.014 ± 0.009 (Figure 4.3.3). The 
vast difference in the concentration of iron between mother and offspring may indicate that 
the unborn sixgills were deficient, but confirmation would require knowledge of the 
baseline embryonic levels of this species. One previous study on an yolk-sac viviparous ray 
147 showed a similar, low MTR (0.09 ± 0.08) for iron. All other previous studies performed 
on related species have found the MTR of iron to be equal to or greater than 1, including in 
placental viviparous sharks,141,143,148 an aplacental viviparous shark which employs 
oophagy,135 a yolk-sac viviparous ray employing histotrophy,149 and a yolk-sac viviparous 
dogfish.150 These studies predominantly compared muscle-muscle maternal transfer. 
Comparing yolk-sac viviparous sharks to placental viviparous sharks, there are limited 
studies on and fewer opportunities for maternal transfer. In the sixgill, the only route of 
maternal transfer is via the yolk sac, whereas other sharks may have additional elemental 
inputs via the development of a placenta. In yolk-sac viviparous sharks, some essential 
elements will not significantly accumulate until they are born and begin consuming other 
organisms. Overall, the level of iron and other essential elements varies drastically among 
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different species of sharks and rays, and due to the diversity of reproductive strategies the 
maternal transfer ratio also varies.113 

In contrast to the inorganic elements, PFAS were efficiently transferred from the 
mother’s liver to the offspring. The ∑PFAS quantified in this study was on average ~70 ng 
g-1 in the offspring and ~13 ng g-1 in the adult, leading to an overall MTR of at least 6. 
Predominantly, the PFAS compounds detected in the offspring were perfluorocarboxylic 
acids which were not detected in the mother. Using the LOD values in Equation 4.2, the 
lower bound for the maternal transfer ratios ranged from 1.3 ± 0.4 to 89 ± 15 for PFNA (C9) 
and PFUnDA (C11), respectively. It should be noted that given the concentration of PFCAs 
may have been lower than the LOD, the MTRs may actually be considerably higher. The 
only PFAS which was detected in both mother and offspring was PFOS which had an MTR 
of 1.3 ± 1.0. Other than PFOS, there were no PFSAs detected in the mother or offspring 
liver. Overall, the maternal transfer of PFCAs appear to be significantly greater compared to 
the maternal transfer of PFSAs. 

When comparing the maternal transfer efficiencies of the species reported by 
Chynel et al. and our sixgill in Table 4.5.9, it is evident that aplacental yolk-sac viviparous 
species (tiger shark and sixgill shark) have greater maternal contaminant transfer 
efficiency (∑PFCAs MTR is 23 and 13, respectively) than the placental viviparous bull shark 
(∑PFCAs MTR 0.7).131 The only exception was PFOS which had an MTR of 2.9 in the bull 
shark and ~1 in the sixgill and the tiger shark (Table 4.5.9). Notably, tiger sharks were 
recently determined to have an additional maternal nutrition input by consuming nutrient-
rich uterine fluid produced by the mother.151 The differing maternal transfer efficiencies 
for PFAS between sharks that demonstrate different embryonic nutritional strategies 
suggests a possible difference in the maternal transfer mechanism. Overall, there were 
higher concentrations of PFAS in our sixgill (∑PFAS ~70 ng g-1 offspring, ~13 ng g-1 adult) 
compared to the tiger sharks (∑PFAS <2 ng g-1 offspring, <0.3 ng g-1 adult).131 

Previous studies found that MTRs for metals and PFAS in placental viviparous 
sharks were ≥1. This stands in contrast to the yolk-sac viviparous sixgill which had MTRs 
that were predominantly less than 1 for metals and greater than 1 for PFAS, especially for 
PFCAs. It is likely that the transfer mechanism of metals and PFAS differ, with PFAS likely 
being transported with a more active mechanism such as mobilization of proteins during 
vitellogenesis.8 The protein vitellogenin, a key component of the yolk, is synthesized in the 
liver.152 Here, the maternal transfer potential of PFAS is much greater than the transfer of 
inorganic contaminants, however the absolute amount of PFAS being transferred is much 
lower (μg kg-1 PFAS, mg kg-1 metals). There is some evidence of maternal transfer of PFAS 
and inorganic elements in humans.153,154 Understanding specific transport mechanisms in 
different organisms continues to be an active area of research. 
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Figure 4.3.3. Maternal transfer ratio (MTR) comparing the mean concentration of 
A) inorganic elements and B) PFAS between the offspring and the mother. The 
dashed line represents an MTR of 1. Values greater than 1 indicate maternal 
transfer, while values below 1 indicate that the concentration is higher in the 
mother than the offspring. MTRs for PFAS not detected in the mother (denoted by *) 
are represented as a lower limit using the method detection limit concentration. 
Error bars represent the propagated absolute error. 

 
4.4 Conclusion 

The concentration and maternal transfer ratios of select metals and perfluoroalkyl 
substances are reported in liver samples from a pregnant bluntnose sixgill shark specimen 
from the Pacific Coast of British Columbia, Canada. The concentrations of toxic metals such 
as lead (7 ± 3 mg kg-1 dw) and cadmium (6 ± 2 mg kg-1 dw) were higher in the mother than 
the unborn offspring. In contrast, PFAS appear to have been offloaded to the offspring (∑7 
PFAS 71 ± 9 ng g-1 ww) and were dominated by perfluorocarboxylic acids over 
perfluorosulfonic acids. These findings suggest that there are unique maternal contaminant 
transfer mechanisms through the yolk sac of the sixgill shark. 
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4.5 Supporting Information 

4.5.1 Analysis of inorganic elements with ICP-OES 

Liver subsamples were homogenized with a ceramic knife on a plastic cutting board, 
transferred to a plastic weigh boat and dried in an oven (Isotemp 100L Oven Gravty, 
Thermo Fisher Scientific, Pittsburgh, PA, USA) at 55 °C for three days. The dried tissue was 
crushed into a paste with a ceramic mortar and pestle, and 1 g of sample was transferred to 
a 75 mL glass digestion tube. 10 mL of concentrated nitric acid was added and the digest 
tube was covered with a watch glass. The acid and sample were allowed to equilibrate at 
ambient temperature (~20 °C) for one hour, then samples were placed on a heating block 
(AD-4020 Pulse Instrumentation Ltd, Saskatoon, SA, CAN) and digested at 100 °C for 120 
minutes. Samples were cooled to room temperature, then 4 mL of hydrogen peroxide was 
added, and left to equilibrate for one hour at ambient conditions, before being placed on 
the heating block at 95 °C for an additional hour. Afterwards, the samples were cooled to 
room temperature, diluted with DI water to 75.0 mL, and transferred to 125 mL plastic 
Nalgene® bottles and stored at 4 °C. Prior to analysis, a liquid-liquid defatting step with 1/3 
v/v dichloromethane/digest sample was performed. The resulting acidic aqueous layer was 
analyzed using a 7–8-point gravimetric multi-component standard addition calibration. 
Multi-component standard additions were spiked on top of 5 g of the aqueous sample 
digest and each standard solution was diluted to a total of 6 g with deionized (DI) water. 

An Inductively Coupled Plasma Optical Emission Spectrometer (iCAP6200, Serial 
Number IC2D20120715, Thermo Scientific, England, UK) coupled to an ASX-520 
Autosampler (CETAC Technologies, Omaha, NE, USA) was used for analysis. The nebulizer 
gas was argon (99.999% purity, Praxair, Mississauga, ON, CAN) flowing at 1.0 mL min-1 at a 
pressure of 20 PSI (138 kPa). Analysis was run in duplicate in axial and radial mode with an 
analysis integration time of 5 seconds each and a 30 second flush time between samples. 
The high fat content in the digest samples was found to cause sample line clogging which 
resulted in inconsistent nebulization. An additional defatting step was thus employed to 
separate the lipids from the aqueous solution to be analyzed. Additionally, a rinse solution 
consisting of 0.01 % Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) and 0.5 % HNO3 was 
used between samples. After each run on the ICP-OES, the ICP torch was extinguished and 
10 mL of warm 2-propanol (ACS Grade, Anachemia, VWR, Mississauga, ON, CAN) and hot DI 
water (heated for 60 seconds in a commercial microwave oven), were flushed through the 
instrument lines and nebulizer to wash out any organic matter that may have been 
deposited in the system. 

4.5.2 Analysis of PFAS with LC-ESI-Orbitrap 

Approximately 1 g of shark liver tissue was homogenized in a 15 mL Falcon tube 
(FroggaBio, Concord, Ontario, CAN) with stainless-steel scissors and extracted based on a 
previously established method.129 Scissors were rinsed with methanol and DI water 
between samples. A suite of 13 isotopically-labelled PFAS standards (20 µL of 500 μg L-1) 
were added to the liver samples and procedural blanks. Briefly, 5 mL of acetonitrile was 
added to the Falcon tubes which were then capped and vortexed (Vortex Genie 2®, Fisher 
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Scientific, Ottawa, Ontario, CAN) for 60 s, sonicated (Bransonic® Ultrasonic Cleaner, 
Branson Ultrasonics Corporation, Danbury, Connecticut, USA) for 30 min, and centrifuged 
(Sorvall Legend XTR centrifuge, Thermo Scientific, Waltham, Massachusetts, United States) 
at 4,000 × g for 10 min. The acetonitrile extraction was repeated a second time, and the 
supernatants were combined in a new Falcon tube and evaporated to dryness under 
nitrogen gas. The remaining lipid residue was weighed to gravimetrically determine the 
total lipid content of the sample. To remove the lipids, an acetonitrile freeze-out was 
employed whereby 2 mL of acetonitrile was added to the lipid layer which was then 
vortexed for 60 s to create a pseudo-emulsion. The mixture was then placed in a −20 °C 
freezer for the lipids to freeze-out overnight. The following day, the supernatant was 
decanted into a new Falcon tube. This process was repeated using another 2 mL aliquot of 
acetonitrile, vortex mixing, and 1 h in a −20 °C freezer before decanting the supernatant. 
The supernatants were combined and dried under nitrogen gas, and ultimately 
reconstituted in 1 mL of methanol. 

1 μL of each liver extract was injected onto a C18 column (Hypersil GOLD, 1.5 μm, 
2.1 × 50 mm; Thermo Fisher Scientific) and analyzed with a Vanquish ultrahigh-
performance liquid chromatography (UHPLC) system coupled to a Q-Exactive high-
resolution mass spectrometer (Thermo Fisher Scientific). A guard column (Halo® C18 3.0 × 
100 mm, 2.7 μm; Advanced Materials Technology) was employed before the injection loop 
to minimize interference from PFAS in the background of the instrument (i.e., PFOS and 
PFOA). The autosampler and column compartments were maintained at 10 and 40 °C, 
respectively. The mobile phases were A) 5 mM ammonium acetate and 0.1% formic acid in 
DI water and B) 5 mM ammonium acetate and 0.1% formic acid in methanol. A 15-minute 
gradient elution was as follows: B was increased from 20% to 80% from 0 to 3 min, then to 
100% between 3 and 5 min, and decreased from 100% to 20% across 9 to 10 min, and 
remained at 20% for the remaining 5 min to ensure mobile phase equilibration before 
beginning the next chromatographic run. Data were collected in negative mode ESI. The 
mass spectrometric settings were as follows: spray voltage 2.7 kV, sheath gas flow rate 30 L 
h-1, auxiliary gas flow rate 6 L h-1, auxiliary gas heater temperature 300 °C, and capillary 
temperature 300 °C. Targeted analysis used the peak areas corresponding with the 
retention times and exact masses of analytes (listed in Table 4.5.3). 

4.5.3 Data analysis and uncertainties 

To quantify analyte concentrations, the sample signal was first background 
subtracted using the procedural digest blank signal. The concentration of metals in the 
shark liver was found using the method of standard additions, adjusting for the volume of 
dilution and mass of sample digested (see Equation 4.3). The concentration of PFAS was 
found using a direct calibration curve and adjusting for the mass of liver extracted and the 
volume of methanol that the extract was reconstituted in (see Equation 4.4). 

𝐶𝑜𝑛𝑐𝑚𝑒𝑡𝑎𝑙𝑠 =
𝑦0𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑠

𝑚𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑠 (
𝑘𝑔

𝜇𝑔
)

×
𝑚𝑎𝑠𝑠𝑑𝑖𝑔𝑒𝑠𝑡 𝑠𝑢𝑏𝑠𝑎𝑚𝑝𝑙𝑒 + 𝐷𝐼 (𝑔)

𝑚𝑎𝑠𝑠𝑑𝑖𝑔𝑒𝑠𝑡 𝑠𝑢𝑏𝑠𝑎𝑚𝑝𝑙𝑒 (𝑔)
×

𝑣𝑜𝑙𝑢𝑚𝑒𝑑𝑖𝑔𝑒𝑠𝑡 (75.0 𝑔)

𝑚𝑎𝑠𝑠𝑙𝑖𝑣𝑒𝑟 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 (𝑔)
×

1 𝑚𝑔

1000 𝜇𝑔
 

 (Equation 4.3) 
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𝐶𝑜𝑛𝑐𝑃𝐹𝐴𝑆 =  
𝑠𝑖𝑔𝑛𝑎𝑙 − 𝑦0𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑢𝑟𝑣𝑒

𝑚𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑢𝑟𝑣𝑒 (𝑝𝑝𝑏−1)
×

𝑣𝑜𝑙𝑢𝑚𝑒𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙

𝑚𝑎𝑠𝑠𝑙𝑖𝑣𝑒𝑟 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 
  (Equation 4.4) 

 
Detection limits were calculated based on 3 × standard deviation of sample blanks / 

slope of a 7–8-point direct calibration curve. For LC-MS analysis, there was no signal 
present in the blanks for some analytes. In this case, the limit of detection (LOD) was 
measured as the lowest calibration standard concentration (1 ng g-1). The signals at 1 ng g-1 
were all significantly above baseline counts of 0, with PFTeDA having the lowest measured 
signal count (1.5×104) and all other analytes were greater (3.7×105 on average). 

Uncertainties for the maternal transfer ratio (MTR) were calculated by propagating 
the relative standard deviations (see Equation 4.5). In instances where the contaminant 
concentration in either the mother or offspring was not detected, the limit of the MTR was 
estimated using the LOD. In these cases, the uncertainty in the MTR limits were determined 
by using the relative standard deviation (RSD) in the measured concentrations. 

𝑀𝑇𝑅 𝑈𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑖𝑒𝑠 =  𝑀𝑇𝑅 × √(
𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛𝑀𝑜𝑡ℎ𝑒𝑟

𝑀𝑒𝑎𝑛𝑀𝑜𝑡ℎ𝑒𝑟
)

2

+ ( 
𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛𝑂𝑓𝑓𝑠𝑝𝑟𝑖𝑛𝑔

𝑀𝑒𝑎𝑛𝑂𝑓𝑓𝑠𝑝𝑟𝑖𝑛𝑔
)

2

 (Equation 4.5) 
 
 Percent bias was calculated using Equation 4.6. For elemental analysis, samples 
were spiked with known concentrations of the multi-component standard and the resulting 
signal was background-subtracted with the same sample which had not been spiked. For 
PFAS analysis, the samples were spiked with known concentrations of isotopically-labelled 
standards. 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐵𝑖𝑎𝑠 =  
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛−𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
× 100%      (Equation 4.6)  
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Table 4.5.1: Information on the baseline-corrected linear regression curve of 18 metals. 
Footnotes include associated stock solution concentrations. a 

Elements 
Wavelength 

(nm) 
R2 

Slope 
(mg kg-1) 

Intercept 
LOD b  

(mg kg-1) 
Method 

Recovery (%) 
Ag 328.0 0.997 1.34 8.61 0.53 64 
Ba 233.5 0.995 5.83 34.5 0.096 99 
Be 234.8 0.997 11.8 25.9 0.030 100 
Bi 223.0 0.996 1.06 −11.9 1.3 100 
Ca 184.0 0.995 12.5 −60.3 0.056 98 
Cd 214.4 0.997 31.5 9.80 0.014 95 
Co 228.6 0.997 11.4 32.1 0.19 97 
Cr 205.5 0.997 6.57 20.7 0.16 105 

Cu 204.3 0.997 0.954 3.54 0.55 91 

Fe 274.9 0.997 1.99 −2.29 0.33 95 
Mg 279.5 0.997 44.8 −2.32 0.059 90 
Mn 260.5 0.998 4.5 1.40 0.34 93 
Mo 204.5 0.998 1.61 −0.768 0.34 92 
Ni 231.6 0.998 8.80 8.07 0.17 93 
Pb 220.3 0.998 1.72 2.65 0.67 83 
Sr 216.5 0.997 3.35 −0.0475 0.46 96 
V 309.3 0.997 3.20 11 0.56 96 

Zn 206.2 0.997 17.0 21 0.11 93 
a This solution contains 27 metals at either 10 mg L-1 [Silver (Ag), Aluminum (Al), Barium 
(Ba), Beryllium (Be), Bismuth (Bi), Cadmium (Cd), Cesium (Cs), Cobalt (Co), Chromium 
(Cr), Copper (Cu), Gallium (Ga), Indium (In), Lead (Pb), Lithium (Li), Magnesium (Mg), 
Manganese (Mn), Molybdenum (Mo), Nickel (Ni), Rubidium (Rb), Strontium (Sr), Thallium 
(Tl), Vanadium (V), and Zinc (Zn)] or 100 mg L-1 [Calcium (Ca), Iron (Fe), Potassium (K), 
and Sodium (Na)] concentration in 10% (w/w) HNO3. 
b LOD calculated by 3 × standard deviation of sample blanks / slope of an 8-point 
calibration curve.  
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Table 4.5.2: Accuracy of the method using the DOLT-5 Certified Reference Material (CRM) 
dogfish liver tissue. a 

Elements 
Concentration of DOLT-5 

CRM (mg kg-1) 
Percent Bias (n = 4) 

Arsenic 34.6 ± 2.4  
Cadmium (Cd) 14.5 ± 0.6 23 
Calcium (Ca) 550 ± 80 26 
Cobalt (Co) 0.267 ± 0.026 <LOD 
Copper (Cu) 35 ± 2.4 −14 
Chromium (Cr) 2.35 ± 0.58 <LOD 
Iron (Fe) 1070 ± 80 13 
Lead (Pb) 0.162 ± 0.032 <LOD 
Magnesium (Mg) 940 ± 100 23 
Manganese (Mn) 8.91 ± 0.70 28 
Mercury 0.44 ± 0.18  
Molybdenum (Mo) 1.41 ± 0.22 <LOD 
Nickel (Ni) 1.71 ± 0.56 <LOD 
Potassium (K) 14400 ± 3000 <LOD 
Selenium 8.3 ± 1.8  
Silver (Ag) 2.05 ± 0.08 <LOD 
Sodium 9900 ± 1600  
Strontium (Sr) 3.73 ± 0.26 −8 
Tin 0.069 ± 0.036  
Vanadium (V) 0.51 ± 0.06 22 
Zinc (Zn) 105.3 ± 5.4 19 
Arsenobetaine 24.2 ± 0.8  
Aluminum 31.7 ± 4.2  
Methylmercury (as Hg) 0.119 ± 0.058  
Antimony 0.013    
Phosphorous 11500    
Thallium 0.013    
Uranium 0.082    

a Percent bias calculation based on 0.5 g digest of Dogfish liver Certified Reference Material 
DOLT-5 (National Research Council Canada, Ottawa, ON, CAN)  
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Table 4.5.3: Information on the baseline-corrected and internal-standard normalized 
linear regression curve for native PFSAs and PFCAs and their retention times. 

Compound a 
Formula 

(Exact Mass 
(u)) 

RT 
(min) 

Internal 
Standard 

Slope 
(ng g-1) 

Intercept R2 

Perfluorobutanoic acid 
(PFBA) 

C4HF7O2 

(213.9865) 
3.13 13C4-PFBA 0.096 0.061 0.997 

Perfluoropentanoate 
(PFPeA) 

C5HF9O2 

(263.9833) 
6.25 13C2-PFHxA 0.095 0.10 0.996 

Perfluorohexanoate 
(PFHxA) 

C6HF11O2 
(313.9801) 

6.88 13C2-PFHxA 0.090 0.10 0.995 

Perfluoroheptanoate 
(PFHpA) 

C7HF13O2 
(363.9769) 

7.25 13C4-PFOA 0.10 0.11 0.995 

Perfluorooctanoate 
(PFOA) 

C8HF15O2 
(413.9737) 

7.51 13C4-PFOA 0.091 0.092 0.997 

Perfluorononanoate 
(PFNA) 

C9HF17O2 
(463.9705) 

7.76 13C5-PFNA 0.086 0.082 0.996 

Perfluorodecanoate 
(PFDA) 

C10HF19O2 
(513.9673) 

7.98 13C2-PFDA 0.092 0.053 0.999 

Perfluoroundecanoate 
(PFUnDA) 

C11HF21O2 
(563.9641) 

8.22 13C2-PFUnDA 0.083 0.11 0.995 

Perfluorododecanoate 
(PFDoDA) 

C12HF23O2 
(613.9609) 

8.41 13C2-PFDoDA 0.085 0.14 0.988 

Perfluorotridecanoate 
(PFTrDA) 

C13HF25O2 
(663.9577) 

8.58 13C2-PFDoDA 0.060 0.11 0.984 

Perfluorotetradecanoate 
(PFTeDA) 

C14HF27O2 
(713.9545) 

8.75 13C2-PFDoDA 0.050 0.022 0.999 

Perfluorohexadecanoate 
(PFHxDA) 

C16HF31O2 
(813.9481) 

9.04 13C2-PFDoDA 0.042 0.060 0.988 

Perfluorooctadecanoate 
(PFOcDA) 

C18HF35O2 
(913.9418) 

9.32 18O2-PFHxS 0.18 0.29 0.986 

Perfluorobutane 
sulfonate (PFBS) 

C4HF9O3S 
(299.9503) 

6.42 18O2-PFHxS 0.18 0.37 0.984 

Perfluoropentane 
sulfonate (PFPeS) 

C5HF11O3S 
(349.9471) 

6.93 18O2-PFHxS 0.13 0.094 0.998 

Perfluorohexane 
sulfonate (PFHxS) 

C6HF13O3S 
(399.9439) 

7.25 18O2-PFHxS 0.11 0.078 0.999 

Perfluoroheptane 
sulfonate (PFHpS) 

C7HF15O3S 
(449.9407) 

7.51 13C4-PFOS 0.13 0.12 0.998 

Perfluorooctane 
sulfonate (PFOS) 

C8HF17O3S 
(499.9375) 

7.72 13C4-PFOS 0.091 -0.065 0.996 

Perfluorononane 
sulfonate (PFNS) 

C9HF19O3S 
(549.9343) 

7.98 13C4-PFOS 0.072 0.064 0.997 

Perfluorodecane 
sulfonate (PFDS) 

C10HF21O3S 
(599.9311) 

8.19 13C4-PFOS 0.58 0.044 0.998 

Perfluorododecane 
sulfonate (PFDoS) 

C12HF25O3S 
(699.9247) 

8.56 13C4-PFOS 0.033 0.025 0.999 

a The native PFAS stock solution consisted of (PFAC-MXC) PFBA, PFPeA, PFHxA, PFHpA, 
PFOA, PFNA, PFDA, PFUnDA, PFDoDA, PFTrDA, PFTeDA, PFHxDA, PFOcDA, L-PFBS, L-PFPeS, 
L-PFHxS, L-PFHpS, L-PFOS, L-PFNS, L-PFDS, and L-PFDoS.  
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Table 4.5.4: Retention time and the mean ± standard deviation of the percent recovery of 
isotopically-labelled standards. a 

   Percent Recovery (%) 

Compound 
Exact 

Mass (u) 
RT 

(min) 
Blanks 
(n = 3) 

Mother 
(n = 9) 

Offspring 
(n = 15) 

13C4-PFBA 216.9923 3.08 89 ± 4 104 ± 21 100 ± 15 
13C2-PFHxA 314.9791 6.87 96 ± 2 126 ± 69 152 ± 15 
13C4-PFOA 416.9795 7.51 96 ± 1 157 ± 25 127 ± 17 
13C5-PFNA 467.9797 7.74 88 ± 3 155 ± 31 132 ± 16 
13C2-PFDA 514.9663 7.96 89 ± 4 160 ± 31 156 ± 23 
13C2-PFUnDA 564.9631 8.17 90 ± 2 140 ± 25 142 ± 21 
13C2-PFDoDA 614.9599 8.36 89 ± 3 153 ± 21 142 ± 23 
18O2-PFHxS 402.9445 7.23 95 ± 3 104 ± 11 120 ± 11 
13C4-PFOS 502.9433 7.72 75 ± 5 113 ± 21 106 ± 15 

a The isotopically-labelled PFAS stock solution (MPFAC-MXA) 13C4-PFBA, 13C5-PFPeA, 13C5-
PFHxA, 13C4-PFHpA, 13C8-PFOA, 13C9-PFNA, 13C6-PFDA, 13C7-PFUnDA, 13C2-PFDoDA, 13C2-
PFTeDA, 13C3-PFBS, 13C3-PFHxS, and 13C8-PFOS. 
 
Table 4.5.5: Intra-sample and inter-sample variation in inorganic element digestions. 

  Concentration (mg kg-1) 

 
Sample Replicates of Same 

Pup (n = 3) 
Individual Pup Samples 

(n = 8) 

Elements 
Mean ± SD 

RSD 
(%) 

Mean ± SD 
RSD 
(%) 

Silver (Ag) <LOD <LOD 

Barium (Ba) <LOD 0.252 ± 0.468 186 

Beryllium (Be) <LOD 0.0470 ± 0.0903 192 
Bismuth (Bi) 4.93 ± 2.23 45 5.48 ± 4.74 86 
Calcium (Ca) 28.5 ± 5.6 20 34.2 ± 12.1 35 
Cadmium (Cd) 0.0933 ± 0.0638 68 0.156 ± 0.234 150 

Cobalt (Co) 0.625 ± 0.259 41 0.696 ± 0.626 90 

Copper (Cu) 7.71 ± 1.98 26 9.24 ± 8.10 88 

Chromium (Cr) 0.629 ± 0.165 26 1.19 ± 1.51 127 
Iron (Fe) 5.48 ± 0.43 8 5.46 ± 3.52 64 
Magnesium (Mg) 37.6 ± 1.6 4 34.4 ± 5.7 17 
Manganese (Mn) <LOD <LOD 

Molybdenum (Mo) 1.42 ± 0.39 28 1.61 ± 1.56 97 

Nickel (Ni) 0.695 ± 0.363 52 0.68 ± 0.89 130 

Lead (Pb) 2.95 ± 1.17 40 3.46 ± 3.01 87 
Strontium (Sr) 0.901 ± 0.271 30 1.03 ± 0.96 94 
Vanadium (V) <LOD <LOD 
Zinc (Zn) 3.28 ± 0.32 10 3.10 ± 0.59 19 
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Table 4.5.6: Summary of metal concentrations in the sixgill specimen and in the Strait of 
Georgia and example resulting bioconcentration factors (BCFs) 

Location Strait of Georgia 

Substrate 
Adult Sixgill Liver 

(mg kg-1) 

Average 
Concentration in 

Water (ng L-1) 

BCF (SoG 
Sixgill / 

SoG Water) 

Year 
2019 

Present Study 
1983 133 2019/1983 

Mn 0.9 ± 1.9 550 ± 280 2×103 

Fe 395 ± 72 350 ± 71 1×106 

Zn 13.1 ± 2.1 4550 ± 5590 3×103 

Co 2.2 ± 1.7 26 8×103 

Ni 2.7 ± 1.9 325 ± 35 8×102 

Cu 16.2 ± 3.7 1750 ± 1770 9×103 

Cd 6.3 ± 2.0 75 ± 7 8×104 

Pb 7.3 ± 2.8 173 ± 136 4×104 
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Table 4.5.7: Concentrations (mg kg-1 dry weight) of 18 metals in bluntnose sixgill shark 
liver tissue samples as found by the method of standard additions. 

 
Mother 

(n = 4 samples) 
(mg kg-1 dw) 

Offspring 
(n = 8 samples) 

(mg kg-1 dw)  
Elements Mean ± SD Median Min–Max Mean ± SD Median Min–Max 
Ag <0.53 <0.53 
Ba <0.096  <0.096 
Be <0.030 <0.030 
Bi <1.2 <1.28 
Ca 25.1 ± 17.2 18.6 12.9–50.3 34.2 ± 12.1 29.7 24.9–61.8 
Cd 6.25 ± 1.96 5.77 4.60–8.86 0.16 ± 0.23 0.05 <0.014–0.55 
Co 2.17 ± 1.66 1.89 0.49–4.43 0.70 ± 0.63 0.51 <0.19–1.76 
Cr 1.84 ± 1.75 1.16 0.64–4.41 1.19 ± 1.51 0.45 <0.16–4.07 
Cu 16.2 ± 3.70 17.1 11.2–19.3 9.24 ± 8.10 7.21 0.050–21.6 
Fe 395 ± 72 412 63.9–294 5.46 ± 3.52 4.64 <0.33–10.19 
Mg 24.6 ± 5.1 24.6 18.8–30.2 34.4 ± 5.74 33.4 26.1–45.4 
Mn 0.94 ± 1.88 <0.34 <0.34–3.76 <0.34 
Mo 4.27 ± 1.86 3.97 2.34–6.82 1.61 ± 1.56 1.23 <0.34–4.02 
Ni 2.66 ± 1.85 2.17 0.98–5.30 0.68 ± 0.89 0.32 <0.17–2.24 
Pb 7.32 ± 2.75 7.86 3.53–10.0 3.46 ± 3.01 2.59 <0.67–8.48 
Sr 2.36 ± 1.74 1.82 0.90–4.89 1.03 ± 0.96 0.81 <0.46–2.67 
V <0.56 <0.56 
Zn 13.1 ± 2.1 13.1 11.1–15.1 3.10 ± 0.59 3.10 2.29–4.20 
Dry 
Weight 
(%) 

90.0 ± 0.2    76 ± 2 
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Table 4.5.8: Concentrations (ng g-1 wet weight) of PFAS in bluntnose sixgill shark 
(Hexanchus griseus) liver tissue samples. 

  Mother Liver (n = 3 subsections) 
(ng g-1 ww) 

Pup Liver (n = 5 samples) 
(ng g-1 ww) 

Compound 
LOD  
(ng g-1 
liver) 

Min–Max Median Mean ± SD Min–Max Median Mean ± SD 

PFBA a 1 <LOD <LOD 
PFPeA a 1 <LOD <LOD 
PFHxA a 1 <LOD <LOD 
PFHpA a 1 <LOD <LOD 
PFOA 0.42 <LOD <LOD 
PFNA a 1 <LOD 1–1.9 1.2 1.3 ± 0.4 
PFDA 0.14 <LOD 2.3–3.2 2.6 2.7 ± 0.4 
PFUnDA 0.22 <LOD 16–25 19 20 ± 3 
PFDoDA a 1 <LOD 1.9–3.8 2.9 2.8 ± 0.7 
PFTrDA a 1 <LOD 21–30 25 26 ± 4 
PFTeDA a 1 <LOD 2.3–4.6 3.2 3.2 ± 0.9 
PFHxDA a 1 <LOD <LOD 
PFOcDA 0.14 <LOD <LOD 
PFBS 0.11 <LOD <LOD 
PFPeS 0.12 0 0 0 <LOD 
PFHxS 0.020 0–0.35 0 0.12 ± 0.20 <LOD 
PFHpS a 1 0 0 0 <LOD 
PFOS 0.88 6–24 7 13 ± 9 13–18 16 16 ± 2 
PFNS a 1 <LOD <LOD 
PFDS a 1 <LOD <LOD 
PFDoS a 1 <LOD <LOD 
Lipid (% Weight) 45–66 60 57 ± 8 51–60 54 55 ± 3 

a LOD based on lowest measured concentration (1 ng g-1), and these were the values used for 
these analytes in the MTR calculations. The measured signal was 1.5×104 (PFTeDA) or 
greater (the average of all of the other analytes was 3.7×105), well above a baseline count of 
zero at the same retention time. 
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Table 4.5.9: Comparing the Maternal Transfer Ratio (MTR) for PFAS in the Chynel et al. 
paper to the sixgill analyzed here.131 

Species 
Concentration in Mother 

(pg g-1 ww) 
Concentration in 

Offspring (pg g-1 ww) 
MTR 

 ∑PFCAs a PFOS ∑PFCAs a PFOS ∑PFCAs PFOS 

Bull Shark 
Muscle 
Offspring n = 4 pools 
of 2 individuals 

269 27 
 

177 77 0.66 2.9 

Tiger Shark 
Muscle 
Offspring n = 
4 pools of 2 
individuals and 2 
individuals 

61 19–29 1,382 
below LOD 
(19 pg g-1) 

23 1.3 b 

Sixgill  
Liver 
Offspring n = 5  

below LOD  
(∑LOD 4,363  

pg g-1) 
12,508 55,643 15,736 13 c 1.3 

a ∑PFCAs were PFOS, PFNA PFDA, PFUnDA, PFDoDA, PFTrDA, PFTeDA 
b Using PFOS maternal concentration to be LOD = 19 pg g-1. Note that PFOS concentration 
was near detection limit for both mother and offspring. 
c This value is a lower limit estimation for the MTR as ∑LODPFCAs is used as the maternal 
concentration.  
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Figure 4.5.1. Simplified map of the region from where the deceased shark was collected. 
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Figure 4.5.2. Sample preparation workflow for trace metals (left: A, B, C) and PFAS 
(right: D, E, F) and the corresponding sampling strategies (G). 
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Figure 4.5.3. Representative calibration curves for quantifying inorganic elements in the 
aqueous sample (prior to correcting for dilution and the mass of shark sample digested) 
by A) a direct calibration curve and B) the method of standard additions. 
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Chapter 5: Conclusion 

5.1 Summary of work 

Condensed phase membrane introduction mass spectrometry (CP-MIMS) was 
applied in Chapter 2 and Chapter 3 to determine behaviour and physicochemical 
properties of a diverse suite of chemical contaminants. This included legacy pollutants such 
as polycyclic aromatic hydrocarbons (PAHs) and emerging pollutants including 
microplastics and chemicals known to leach from commercial plastics and rubbers: 
nonylphenol and para-phenylenediamine quinones (PPDQs). The work undertaken in 
Chapter 2 monitored sorption processes in real-time for an hour, and intermittently up to 
three weeks later. In Chapter 3, the list of physicochemical properties, chemical sorbates, 
and sorbents investigated were expanded. The chemical partitioning of PPDQs to 
microplastics and sediments, PPDQs solubilities at 25 °C, and the enthalpy of 6PPD-quinone 
dissolution were reported. CP-MIMS proved a powerful experimental platform to achieve 
results with reasonable accuracy at environmentally relevant concentrations in complex 
heterogeneous samples. 

The fate and distribution of environmental contaminants includes bioaccumulation 
within marine organisms and potentially the transmission from mother to offspring 
through the process of maternal transfer. In Chapter 4, conventional techniques were 
applied such as inductively coupled plasma optical emission spectroscopy (ICP-OES) for 
metals analysis, and liquid chromatography-electrospray ionization-high resolution mass 
spectrometry (LC-ESI-Orbitrap MS) for analysis of perfluoroalkyl substances (PFAS) in 
sixgill shark liver tissue. There is limited 106 to no permeability of the PDMS membrane for 
these analyte classes, making conventional analysis a requirement for these analytes. The 
maternal transfer between the adult and unborn offspring was analyzed for both 
contaminant classes, and bioconcentration was examined for select elements. The maternal 
transfer of PFAS was highly efficient, with almost all detectable PFAS going to the offspring, 
while metals were present at higher concentrations in the mother relative to the offspring 
and the water column. These findings highlight this species’ unique, chemical-dependent 
maternal transfer mechanisms. 

Elucidating physicochemical behaviour of pollutants, especially emerging 
contaminants, is key to understand their partitioning, fate, biological mechanisms of 
toxicity and accumulation, and how to treat environmental samples. Here, legacy pollutants 
such as PAHs and metals were studied. This provided additional confidence in applications 
of CP-MIMS to obtain physicochemical properties and context with which to compare the 
behaviour of emerging organic pollutants. There is great demand to resolve currently 
unanswered questions for emerging pollutants such as microplastics, PPDQs, and PFAS. For 
example, it is known that microplastics and nanoplastics have negative physical impacts on 
organisms,25,28 but there is the potential that subtle toxicity effects are occurring due to the 
chemical load microplastics can carry.28 6PPD-quinone was discovered in 2020 to be the 
cause of mass die-offs of coho salmon,31 affecting the fishing industry in the Pacific 
Northwest. Some contaminants cause subtle, sublethal toxicity effects, while others impact 
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ecosystems, and subsequently the human economics and politics based within and upon 
them, in ignorable ways.  

Scientists are concerned with the fate and distribution of contaminants because, 
regardless of technological advances, humans as a species live in direct relation to the 
world. Due to improper disposal of materials and chemicals, a lack of a deliberate circular 
economy,155 and ignorance of the potential harms of transformation products, we 
introduce harmful contaminants to ecosystems.31 Many of these contaminants 
bioaccumulate through food webs and enter our lives again in the organisms we consume, 
the water we drink, the air we breathe. The negative impacts of pollution are felt most 
harshly upon those in the third world due to the developing world often shouldering the 
burden of both the manufacture 156 and disposal of chemicals and materials.157 To minimize 
future pollution while remediating past inputs, chemical analysis must be applied to 
elucidate the behaviour of pollutants. In this thesis, different instrumental techniques were 
applied to this end. 

5.2 Future Directions 

Going forward, it is worth taking advantage of the unique insights that are possible 
with direct analysis with mass spectrometry (DMS). Measuring kinetics of sorption for 
multiple contaminants simultaneously at trace concentrations is made feasible with CP-
MIMS. Additionally, the labour of conventional techniques used to quantify samples can be 
avoided with CP-MIMS and answers can be reached more efficiently. The CP-MIMS 
approach is particularly appropriate for analyzing complex environmental samples and for 
elucidating certain physicochemical properties. 

There is much more about the behaviour of microplastics and their interaction with 
chemical contaminants that can and should be studied with CP-MIMS. Predominantly 
plastic pellets were studied in this thesis. Future work should be applied to currently 
understudied sorbent plastics including nanoplastics, clothing fibers, recycled plastics, 
‘green’ plastics (such as polylactic acid),155 and rubbers such as tire wear particles (TWPs). 
Notably, when examining plastic powders with CP-MIMS, the plastic flakes were observed 
to adhere to the membrane. Thus, to study powdered and nanosized plastics it may be 
necessary to construct a barrier around the membrane to prevent the signal from 
becoming smothered. Additionally, CP-MIMS would be well-suited to analyze the kinetics 
(speed) and thermodynamics (completion) of remediation and filtration for inexpensive 
sorbents such as sawdust, plants, charcoal, and even recycled plastics. 

DMS approaches can be applied to characterize the surface and bulk properties of 
plastics, as sorption encompasses both adsorption and absorption processes. Early work 
began characterizing how surface changes impact adsorption processes by studying 
sorption to weathered plastics in Chapter 2. Natural weathering processes take much 
longer than artificial, accelerated photooxidative weathering 29 but it is important to study 
sorption on plastics which were weathered with different light sources as there are 
appears to be distinctions in sorption behaviour (see Figure 2.3.3).107 Future work should 
also examine whether biofilm formation impedes or increases the kinetics or 
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thermodynamics of sorption for a diverse suite of contaminants (polar, nonpolar, neutral, 
charged) under different conditions. Finally, absorption processes into the bulk plastic 
should be characterized. The extent to which absorption occurs is dependent on the 
permeability and crystallinity of the plastic.107 DMS imaging techniques such as nanospray 
desorption electrospray MS (nano-DESI-MS) 158 or matrix assisted laser desorption 
ionization MS (MALDI-MS) 43 would be uniquely suited to answer to what extent and over 
what time periods contaminant absorption occurs for different plastics, both pristine and 
weathered. 

In this thesis, all aqueous samples were constructed using deionized water, but as 
the PDMS membrane serves as an on-line filter CP-MIMS can be applied to complex, real-
world aqueous samples. Future work can and should study if the conditions of the system 
(pH, salinity, and the presence of dissolved organic material in constructed and natural 
water systems) influence sorption in a negative or positive way. Relatedly, measuring the 
kinetics of desorption for co-occurring sorbed contaminants or the leaching of additives 
and plasticizers, in different systems can be especially useful. Namely, does altering the pH, 
salinity, dissolved organic material content in a sample solution encourage leaching? Does 
mimicking conditions of the digestive system with low pH, salt, bile, and digestive enzymes 
encourage desorption of contaminants? This would help clarify whether chemical 
desorption is increased under certain environmental or biological conditions. 

As seen in Chapter 1 and Chapter 2, CP-MIMS is very well-suited to study many 
physicochemical properties as it is a direct approach. Real-time processes and complicated 
samples can be measured in situ and at higher throughput because of the circumvention of 
chromatography and sample cleanup. There are other physicochemical properties that 
would be well-suited to this technique, other than finding the organic carbon-water 
partition coefficients (KOC) and aqueous solubility limits of contaminants. Because the 
PDMS membrane is impermeable to charged compounds, CP-MIMS can be applied to find 
the pKa of different analytes.106 Additionally, because CP-MIMS is a real time technique it 
can be used to characterize air-water partitioning (KAW). Future work should focus on 
quantifying these physicochemical properties for emerging contaminants including the 
PPDQs. Additionally, desorption isotherms should be built for sediments, plastics, and tire 
wear particles (TWPs) to quantify the leaching of PPDQs from these sorbents. 

Lastly, there are cases where an application of both conventional and direct mass 
spectrometry approaches provides the best of both worlds. For example, CP-MIMS is highly 
suited for instances where many samples need to be screened, particularly when the 
samples contain complex matrices. CP-MIMS can be applied to provide rapid evidence of 
contaminants in a sample, albeit without chromatographic resolution. Conventional 
techniques can then be applied with confidence that the investment in time and cost for 
sample preparation, chromatographic separation, and potentially the use of HRMS will be 
rewarded. Chapter 4 is an example of one such use case, wherein preliminary CP-MIMS 
results indicated that the liver tissue of the adult sixgill shark contained persistent organic 
pollutants which informed future action with conventional analysis. The sampling 
simplicity of CP-MIMS can and should be coupled to more complex analysis approaches to 
understand real-world samples. The sample clean-up provided by CP-MIM is often faster 
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and less expensive than typical approaches. In such a way, CP-MIMS can be coupled to high 
resolution mass spectrometry, and extracts can ultimately be applied to a liquid 
chromatography column. Multivariate analysis can be applied to mass spectral data 
acquired with CP-MIMS to perform source apportionment or environmental 
forensics.159,160 All research in this thesis has been applied using targeted analysis, but non-
targeted analysis and such as Data Independent Acquisition (DIA) approaches 161 can be 
applied to HRMS mass spectral data to identify new and emerging contaminants. 
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