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Layman Summary

Per- and polyfluoroalkyl substances (PFAS) are a group of chemicals widely used in everyday
products and industrial processes since the 1940s. These substances have drawn attention due to
their persistence in the environment and potential health risks. PFAS can accumulate in aquatic
environments, posing threats to ecosystems and potentially human health.

In this review, we explore pathways of PFAS in water systems, from their sources to where they
end up. There are thousands of different PFAS compounds, but most research has focused on
only a handful of them. This leaves a significant gap in our understanding of how these different
chemicals behave in the environment.

PFAS can enter water bodies from various sources like industrial sites and everyday household
objects, and they tend to persist once they are released. They can travel through rivers and
streams, eventually reaching coastal and marine environments. They can be found almost
everywhere in the world’s waters, from rivers in industrialised cities to rural coastal waters.

Within water, PFAS can undergo changes. Some compounds break down into other forms, while
others persist and accumulate. The review highlights that many studies concentrate on specific
PFAS types, like perfluoroalkyl acids, while overlooking the broader diversity of PFAS and their
fate.

The review emphasises the need to better understand this diversity. PFAS vary greatly in their
chemical composition and behaviour, which affects how they move and accumulate in water and
sediments. Current studies often focus on measuring a limited set of well-known PFAS,
neglecting thousands of other variants that could be equally important.

To manage PFAS contamination effectively, more attention to detecting and characterising
lesser-known PFAS and understanding how they interact with the environment is necessary. This
means developing more precise methods to measure PFAS concentrations across different
environmental compartments, and within an aquatic ecosystem itself.

In summary, PFAS present a complex challenge in aquatic environments due to their diversity
and persistence. While much research has been done on specific PFAS types, there is a need to
expand our understanding to include a broader range of these chemicals and their interactions in
the aquatic environment. This knowledge will support developing strategies to mitigate the
environmental impact of PFAS contamination and protect aquatic ecosystems in the long term.



Abstract

Per- and polyfluoroalkyl substances (PFAS) represent a diverse group of chemical compounds
extensively used in consumer and industrial applications, contributing to persistent
environmental contamination and associated health risks. This review explores the fate of PFAS
in aquatic environments, synthesising existing knowledge and highlighting key research gaps.
PFAS exhibit complex behaviours within aquatic ecosystems, influenced by diverse molecular
structures and environmental conditions. Their accumulation in aquatic environments poses risks
to organisms and ecosystems, with potential far-reaching consequences in highly industrial areas,
as well as regions with little to no human interaction. This review underscores the need to
comprehend the step-by-step pathways of PFAS fate in aquatic environments, encompassing
different types of PFAS, sources, transport mechanisms, and final destinations. Existing studies
predominantly focus on a limited subset of well-known PFAS compounds, leaving numerous
other PFAS variants understudied. Key findings reveal that diverse PFAS, from well-known
perfluoroalkyl acids to emerging alternatives like fluorotelomers and fluoropolymers, undergo
transformations leading to the accumulation of terminal perfluoroalkyl acids in aquatic
environments. However, the majority of studies overlook this diversity, concentrating on specific
PFAS subsets and overlooking crucial transportation pathways. To advance our understanding,
future research should prioritise detecting and characterising understudied PFAS and their
interactions in various aquatic compartments. More specialised analytical approaches are needed
to accurately assess PFAS concentrations and behaviours across interfaces and between aquatic
compartments, enhancing our ability to mitigate PFAS-related environmental risks effectively.
This review consolidates current knowledge on PFAS dynamics in aquatic environments,
emphasising the need for comprehensive assessments of PFAS diversity and behaviours to guide
effective environmental management strategies and future research.
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LIST OF ABBREVIATIONS

Abbreviation

Definition

Chemical class
PFAS
PFAA
PFCAs
PFSAS
FASAs
FTOH
FTCA
FTSA
FTAB
FASEs
FASAAS
PAPs
PFPEs

Chemical substance
PFBA
PFPeA
PFHxA
PFHpA
PFOA
PFDA
PFBS
PFHXS
PFOS
PFOSA
PTFE
HFPO-DA

General terminology
AFFF

ECF

FTF

NAPL

Koc

OECD

WWTP

Per- and polyfluoroalkyl substances
Perfluoroalkyl acids
Perfluorocarboxylic acids
Perfluorosulfonic acids
Perfluoroalkane sulfonamides
Fluorotelomer alcohol

Fluorotelomer carboxylic acid
Fluorotelomer sulfonic acid
Fluorotelomer sulfonamide alkylbetaine
Fluoroalkane sulfonamidoethanols
Fluoroalkane sulfonamidoacetic acids
Polyfluoroalkyl phosphate esters
Perfluoropolyethers

Perfluorobutanoic acid
Perfluoropentanoic acid
Perfluorohexanoic acid
Perfluoroheptanoic acid
Perfluorooctanoic acid
Perfluorodecanoic acid
Perfluorobutanoic acid
Perfluorohexane sulfonic acid
Perfluorooctane sulfonic acid
Perfluorooctanesulfonamide
Polytetrafluoroethylene
Hexafluoropropylene oxide dimer acid

Aqueous film-forming foam

Electrochemical fluorination

Firefighting training facility

Nonaqueous phase liquids

Organic carbon-water partition coefficient

Organisation for Economic Co-operation and Development
Wastewater treatment plants




1. INTRODUCTION

Per- and polyfluoroalkyl substances (PFAS) constitute a group of chemical compounds that have
been used since the 1940s for a broad range of consumer products and industrial applications
(Buck et al., 2011). Additionally, they have gained significant attention due to their
environmental persistence and toxicological effects on both ecosystems and human health
(DeWitt et al., 2019; East et al., 2023; Fenton et al., 2021; Flynn et al., 2022; Liu et al., 2019; Ma
et al., 2022; Panieri et al., 2022). The complexity of the PFAS class is underscored by the vast
array of chemical compounds it encompasses. While approximately 4700 substances are
commonly classified as PFAS by the Organisation for Economic Co-operation and Development
(OECD; (OECD, 2018)), alternative definitions extend this count to as high as 7 million
(Schymanski et al., 2023; Z. Wang et al., 2021). Despite this apparent diversity, much of the
discourse within the scientific literature converges upon a select few PFAS compounds and their
precursors.

PFAS compounds exhibit a notable trend of accumulation in the aquatic environment, posing a
significant risk to aquatic organisms and, consequently, the broader ecosystem (Cara et al., 2022;
Khan et al., 2023; Miranda et al., 2021; Sun et al., 2022; Tansel, 2024; W. Wang et al., 2020).
The movement of PFAS in the aquatic environment from their sources to sinks follows a
trajectory through surface water systems, wherein rivers lead to their transport towards coastal
and marine environments. The implications of this migration extend beyond local ecosystems,
with the potential for far-reaching ecological repercussions, even to places with little to no
industrial activity (Kowalcsyk et al., 2020). Both physiochemical properties of the various PFAS
and environmental conditions in different aquatic compartments differ greatly and change the
influence of exposure to human and environmental exposure. Therefore, understanding the
abundance and behaviour of PFAS within and between the different compartments in the aquatic
environment is crucial to understanding the fate of PFAS.

Given the aforementioned complexities and environmental concerns associated with PFAS, the
objective of this literature review is to elucidate the fate of these substances within aquatic
environments. By synthesising existing knowledge and identifying key research gaps, such an
overview can inform future studies and guide strategies for mitigating the adverse impacts of
PFAS contamination in aquatic ecosystems. Therefore, this review aims to provide a step-by-step
approach to PFAS dynamics in aquatic environments, encompassing their sources,
transformation, transport mechanisms, and eventual fate. A comprehensive review of recent
literature on the mechanistic behaviour of PFAS compounds was conducted utilising databases
such as Scopus, PubMed, and PubChem. Relevant sources and reviews were identified and
selected based on criteria encompassing mechanistic insight and relevance to the research
objectives.



2. WHAT ARE PFAS?
2.1. DEFINITION OF PFAS

PFAS are a broad group of chemicals for which an exact consensus of the chemical classification
is lacking. A general description on the classification of PFAS is given by Buck et al. (Buck et
al., 2011) which is used in most research on PFAS. It states that a PFAS comprises a fully
fluorinated carbon chain with the -CnF2n+1 moiety, and typically a functional group. More recent
literature also adds the -CnF2n- moiety as PFAS, adding non-terminal fluorinated carbon chains
(Buck et al., 2021; OECD, 2018). Other studies regard every molecule with a perfluorinated
methyl group (-CF3s) or a perfluorinated methylene group (-CF2-; thus, without any H/Br/Cl/I
atom attached to the fluorinated carbon atom) as a PFAS, which would also include substances
as medicines with only a single fluorinated carbon atom as PFAS, molecules with completely
different environmental and human health-related characteristics (Schymanski et al., 2023). The
functional group(s) typically exhibit polarity, while the fully fluorinated carbon chains are
nonpolar, rendering PFAS molecules amphipathic with surfactant properties. Therefore, most
PFAS exhibit notable solubility, unlike typical persistent organic pollutants like lipophilic
polycyclic aromatic hydrocarbons. The carbon-fluorine (C-F) bond within PFAS is renowned for
its strength in organic chemistry, owing to the high electronegativity of fluorine atoms, thereby
conferring exceptional chemical and thermodynamic stability (O’Hagan, 2008). Under ambient
conditions, these bonds are recognised for their resistance to degradation in the environment.
Because of these properties, PFAS are used as surfactants and surface protection coatings,
among other uses further discussed in Chapter 3.1. PFAS are classed into several groups
depending on their structure. The main groups of PFAS are perfluorinated compounds,
polyfluorinated compounds, and fluoropolymers (Figure 1). These groups will be further
discussed separately below.

PFAS
|
| |
Non-polymer Polymer
| e Fluoropolymers
I 1 « PFPEs
Perfluorinated  Polyfluorinated e Side-chain fluorinated polymers
e PFAAS e Fluorotelomers
o PFCAs o FTCAs
o PFSAs o FTCAs
e FASAsS o FTOHs
e FASEsS
e FASAAS

Fig. 1: Comprehensive overview of the classification of several environmentally relevant PFAS



2.2. PERFLUORINATED COMPOUNDS

Perfluorinated compounds are PFAS that feature a polar head group coupled with an alkyl group
in which all hydrogen atoms linked to the carbon atoms in the alkyl chain are substituted for
fluor atoms (Liu et al., 2019). Notable perfluorinated compounds are the perfluoroalkyl acids
(PFAAS), such as the perfluorocarboxylic acids (PFCASs) and perfluorosulfonic acids (PFSAS),
categorised by their acidic head groups and containing perfluorinated carbon chain of varying
lengths. Examples are perfluorooctanoic acid (PFOA; Table 1) and perfluorooctane sulfonic acid
(PFOS; Table 1), containing a carboxylic and sulfonic acid head group and a perfluorinated
carbon chain of 8 molecules. The varying carbon chain lengths are termed by their whole carbon
chain length, including the carboxylic carbon atom in the nomenclature. Therefore, the PFSAs
contain one more -CF2- moiety than the PFCAs with the same alkyl chain length in their name,
adding to their higher molecular weight (Table 1). These chain lengths are further divided into
short-chain and long-chain PFAS. PFCAs with a chain length of 4-6 carbon atoms and PFSAS
with a chain length of 4-5 carbon atoms are defined as short-chain PFAS, such as
perfluorohexanoic acid (PFHXA; Table 1) and perfluorohexane sulfonic acid (PFHxS; Table 1).
Long-chain PFAS are n<6 chains as long-chain PFAS (OECD, 2018). The long-chain PFAAs,
such as PFOA and PFQOS, are generally solid at room temperature, while the long-chain PFAAs
are liquid in ambient conditions.

Perfluoroalkane sulfonamides (FASAS) are a group of perfluorinated compounds that are similar
to PFCAs and PFSAs but with a sulfonamide head group. They are susceptible to degradation
into the other PFAAS. For instance, perfluorooctane sulfonamide (PFOSA) is known to degrade
to the highly stable PFOS (Buck et al., 2011; Zhao et al., 2018). Although PFOS and PFOA, as
well as PFHXS, their salts, and related compounds have been added to the list of the Stockholm
Convention on Persistent Organic Pollutants or are under review to be phased out of production
processes, their presence in the environment persists (UNEP, 2019a, 2019b, 2021, 2022).

2.3. POLYFLUORINATED COMPOUNDS

Unlike perfluorinated compounds, polyfluorinated compounds consist of molecules that do not
only have a fully fluorinated side chain and functional head group. The polyfluorinated
compounds encompass multiple functional groups besides the fluorinated side chain, often
incorporating hydrogen or oxygen atoms attached to the carbon. These functional groups make
the molecule exhibit anionic, cationic, or zwitterionic properties, resulting in diverse
environmental behaviours (Brusseau & Van Glubt, 2019).
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Table 1: Physiochemical properties of various PFAS and related compounds at ambient
conditions. Note; values can differ between methods and experiments, and are therefore

indicative. Structural images are in the public domain. All information is obtained from the PFAS

Technical and Regulatory Guidance Document (ITRC, 2023).



One of the major groups of polyfluorinated compounds are the fluorotelomers. Fluorotelomers,
such as fluorotelomer sulfonic acids (FTSAs; Fig. 2a), fluorotelomer carboxylic acids (FTCAS;
Fig. 2b), and fluorotelomer alcohols (FTOHSs; Fig. 2¢), differ from PFAAs by containing
hydrogenated carbon atoms (-CH2-) between the fluorinated side chain and head group. They are
classified by their fluorinated carbon chain, hydrogenated carbon atoms, and functional head
group respectively, e.g. 8:2 FTOH (Table 1 & Fig. 2c) for the fluorotelomer alcohol with eight
fully fluorinated carbon atoms, two hydrogenated carbon atoms, and an alcohol head group
(Buck et al., 2011).

Other polyfluorinated compounds such as fluoroalkane sulfonamidoethanols (FASES)

and fluoroalkane sulfonamidoacetic acids (FASAAS) possess an extra head group compared to
perfluoroalkyl compounds (Buck et al., 2011). Both groups are known to degrade to PFAAS in
the atmosphere (D’Eon et al., 2006; Mejia Avendafio & Liu, 2015). These substances display
greater volatility than PFAAs, facilitating dispersion before degradation into more stable PFAAS
within the environment, thereby contributing to the overall environmental burden of PFOS,
PFOA, and related compounds as precursor molecules. The non-fluorinated portions of these
molecules serve as susceptible points for environmental degradation.
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Fig. 2: Chemical structures of 8:2 FTOH (a), 8:2 FTCA (b), 8:2 FCSA (c), PTFE (d),
and HFPO-DA (e)

2.4. FLUOROPOLYMERS

Fluoropolymers are polymer structures comprising at least one fully fluorinated carbon chain,
exemplified by polytetrafluoroethylene (PTFE; Fig. 2d), commonly known by its trademark
name Teflon. Initially produced with PFOA, PTFE production has shifted towards using
alternatives such as hexafluoropropylene oxide dimer acid (HFPO-DA; Fig. 2e) with the so-
called GenX technology by using its ammonium salt (Beekman et al., 2016). Perfluoropolyethers
(PFPESs) consist of fluorinated monomer polymer chains connected via ether linkages, existing as
stable liquids employed as lubricants, which can degrade into their constituent perfluorinated
monomers under specific conditions (Kwiatkowski et al., 2020). Side-chain fluorinated polymers
feature polymer chains with fluorinated side chains attached to functional groups. The weak link



in these molecules lies within the side chain coupling the polymer to the perfluorinated
compound, allowing degradation into short-chain perfluorinated compounds, including PFAAS
(Schwartz-Narbonne et al., 2023).

2.5. NOMENCLATURE OF IONIC FORMS OF PFAS

PFAS predominantly exist and are measured in their ionic form in the environment e.g.
dissociating their hydrogen ion for strong acids such as PFAAs. Yet, they are commonly
referenced in literature in their neutral form (Butt et al., 2010; Dixit et al., 2022). Furthermore,
they are regularly produced and/or traded as a salt, dissociating their salt group (i.e. sodium or
ammonium) when in environmental conditions. As a result, these molecules end up as the same
conjugated base in the environment. The abbreviations for PFOS, PFOA etcetera refer to their
protonated, non-ionic form. However, when discussing it in an environmental or analytical context
at a neutral pH, they are regularly deprotonated (i.e. perfluorooctanoate and perfluorooctane
sulfanoate instead of PFOA and PFOS resp.). Therefore, Buck et al. proposed to use this form for
both the acid and its conjugated base (Buck et al., 2011). The same is mostly true for the other
PFAS, as they are referenced in their neutral form, while regularly being anionic, cationic, or
zwitterionic, depending on their pKa, pH, and other factors (Vierke et al., 2013). Buck et al.
proposed that when the distinction is explicitly relevant, use the abbreviations for PFAS for both
the protonated and anionic form, i.e. PFOA for the acid, PFO for the anion and PFO(A) for both
the acid and the anionic form of the PFCA with an eight carbon atom chain and H-PFOS, PFOS
and (H-) PFOS for the protonated, anionic and combined forms of the PFSA with eight carbon
atom chain for the lack of A from acid in its abbreviation (Buck et al., 2011; Vierke et al., 2013).
As this review discusses the PFAS molecules in environmental conditions, the main abbreviation
will be used for the environmental isomer of the molecule in this literature review, i.e. PFOS and
PFOA for their anionic conjugate.

3. SOURCES OF PFAS

Polyfluoroalkyl and perfluoroalkyl substances are released into the aquatic environment
throughout their life cycle, e.g. during the production phase, product use, and after disposal of
the product. To understand the presence of PFAS in the aquatic environment, it is important to
elucidate the sources of PFAS, and what the differences within the chemical compositions are at
those different sources.

3.1. MANUFACTURING METHODS

In general, two different processes have been used to produce PFAS, namely electrochemical
fluorination (ECF) and telomerisation. These two methods result in different isomeric
compositions. Synthesis through ECF yields even- and odd-numbered, branched, and linear
perfluoroalkyl chains, whereas telomerisation produces even-numbered, linear chains resulting



from their different pathways. Nowadays, telomerisation is mainly utilised for the production of
PFAS (Buck et al., 2011).

3.1.1. ELECTROCHEMICAL FLUORINATION

ECF is a process used to produce perfluorooctane sulfonyl fluoride, a key compound in the
manufacturing of PFOS-related chemicals. This process involves passing an electric current
through a solution of anhydrous hydrogen fluoride and octane sulfonyl fluoride. The ECF
process replaces hydrogen atoms in the carbon-hydrogen bonds of octane nyl fluoride with
fluorine atoms, resulting in a mixture of isomers and homologues, including linear, branched,
and cyclic perfluoroalkanes and ethers, as well as other by-products (Wiebe et al., 2018). ECF
normally obtains an isomer composition of linear (n-) PFOS at 70-80%, PFOA at 80-85% and
PFHXS at ~95%, while the remaining product is mostly branched isomers (Schulz et al., 2020).
While ECF is mostly phased out in favour of fluorotelomerisation, it is still used in some
factories in China to produce PFOS, PFOA, and their precursors (Chen et al., 2015).

3.1.2. FLUOROTELOMERISATION

While ECF can be used to produce both PFOA, PFOS, and their related precursors,
fluorotelomerisation can only be used to produce PFOA and related precursors (Smith et al., 2016).
Fluorotelomerisation is a process used to produce oligomers of PFAS molecules. Generally, it
involves a reaction of perfluoroethyl iodide with tetrafluorethylene to yield a mixture of even-
numbered linear carbon perfluoroalkyl iodides with the structural formula of CnF2n+1-1, where n=4,
6, 8, 10, etc. These products react with ethylene to make the new fluorotelomer iodide with the
structural formula of CnF2n+1CH2CH2-1 where n=4, 6, 8, 10, etc. Lastly, these products react
through a substitution step of the iodide head group to make fluorotelomer alcohols with the
structural formulas of CnF2n+1CH2CH2-OH, n=4, 6, 8,10, etc. These three products can be used as
the basis for fluorotelomer-based PFAS and polymeric products, such as the fluorotelomer
carboxylates and sulfonates, and side chain polymeric fluorotelomers respectively (Buck et al.,
2011; Kissa, 2001). The long-chain fluorotelomers are recognised to degrade into PFOA and other
long-chain PFCAs, and the production of fluorotelomers is recently switched on short-chain based
fluorotelomers (Peshoria et al., 2020).

3.2. APPLICATIONS OF PFAS

3.2.1. FIREFIGHTING FOAMS

Aqueous film-forming foam (AFFF) containing PFAS has been used extensively since its first
development (Place & Field, 2012). PFAS-containing AFFF is used in flammable fuel fires in
combination with water as fire extinguishing agent. The mixture has surface-tension-lowering
properties and spreads rapidly across the surface of hydrocarbon-based fuels, cooling the liquid
fuel by forming a water film beneath the foam, resulting in superior firefighting capabilities
(McGuire et al., 2014). The use of AFFF has resulted in PFAS contamination of soil,



groundwater, surface waters, and biota worldwide. In particular, PFOS and related PFSAs were
used before PFOS was phased out and replaced with other alternatives (Backe et al., 2013;
Barzen-Hanson et al., 2017). In addition to the use of PFSAs and primarily after its phasing out,
fluorotelomers, specifically FTSAS, are used as alternatives to PFSAs after phasing out PFOS
and its precursors (Backe et al., 2013; Place & Field, 2012).

3.2.2. CONSUMER RELATED-PRODUCTS

PFAS are ubiquitously used in consumer products that require non-reactive and stable surfactants
or oil and water repellency, i.e. non-stick cookware, stain and water repellent fabrics, food
packaging, paper-related products, and personal care products (Glige et al., 2020). Recently,
textile and paper surfaces have been coated with side-chain fluoropolymers, fluorotelomers, and
Polyfluoroalkyl phosphoric acid esters as alternatives for long-chain PFAAs. These PFAS have
the potential as indirect sources for PFCAs and PFSAs due to transformation (Benskin et al., 2010;
Langberg et al., 2021; Thompson et al., 2023).

A study in Norway indicated a paper production facility as the source of contamination to a lake
with 229 PFAS (including PFAAs, perfluoroalkyl sulfonamide derivatives, and FT-based
precursors) concentrations in the river sediments near the facility at 2450 mg/kg and the
downstream lake sediment with the total PFAS concentrations at 6.1 mg/kg (Langberg et al.,
2021). Decreasing concentrations were observed with increasing distance from the site. Another
study performed in the United States on PFAS in food-packaging paper found that 46% of the
sampled food contact paper contained PFAS and 20% of the paperboard contained PFAS as well,
in concentrations ranging from 16 up to 300 ng/cm? (Schaider et al., 2017). Furthermore, they
found that the presence of PFAS was higher in paper food wraps used for their grease-repellent
properties than in food containers for liquids or non-food contact papers, showing a clear link
between the particular use of the food-packaging paper and the presence of PFAS. The most
detected types of PFASs were PFCAs, PFSAs, and fluorotelomer sulfonates. In a different study
on toilet paper, 6:2 polyfluoroalkyl phosphoric acid diester was found to be the most abundant
PFAS, showing the variety of PFAS used even within a group of products (Thompson et al., 2023).
Furthermore, this study also found that the abundance of PFAS, such as polyfluoroalkyl
phosphoric acid diesters, was not only found in non-recycled paper but in comparable levels in the
more environmentally-friendly perceived recycled paper. This underscores the persistence of
various PFAS in the consumer chain.

3.2.3. INDUSTRIAL AND TRANSPORTATION-RELATED PRODUCTS

PFAS are utilised in a broad range of industrial processes. Their non-reactive and stable properties
make them suitable e.g. protection against oxidation, high temperatures, and friction resistance.
These properties are essential for multiple appliances within the chemical and mechanical
industries (Gliige et al., 2020). In a study on the industrial sources of PFAS in Shanghai, China by
Chai et al. the researchers found high concentrations of £17 PFAS at rivers near three industrial
sites (Chai et al., 2017). The airport site showed concentrations ranging from 142 to 264 ng/L with
the long-chain PFAAs PFOA and two short-chain PFAAs perfluoropentanoic acid (PFPeA) and
perfluorobutanoic acid (PFBS) as most prevalent. The concentrations at a site near the
fluorochemical plant and metal plating facility ranged from 200 to 2143 ng/L and 211 ng/L to 705
ng/L with PFOA as the most prevalent PFAS. These results showed the link between certain



industries and the ubiquitous levels of PFAS in the surrounding areas. A study in the United States
was performed to assess the presence and levels of PFAS in automotive lubricants and hydraulic
fluids (Zhu & Kannan, 2020). The researchers measured levels of 13 PFAAs before and after
oxidation to account for the potential effects transformation of PFAA precursors could have on the
total PFAA composition. They discovered that the ZPFAA was up to two orders of magnitude
higher (from 196 to 8300 pg/kg) after oxidation than before (from 5.96 to 344 ug/kg), suggesting
the presence of PFAA precursors in the liquids. Long-chain PFCAs, such as PFOA, accounted for
~70% of the PFAS content before oxidation. Contrastingly, the highest mean molar increase (in
pM/g) upon oxidation of the lubricants varied among the PFCAs, with the short-chain PFBA
increasing two-fold higher than the second-highest long-chain perfluorodecanoic acid (PFDA,;
1350 to 670 for PFBA and PFDA resp.). These results showed the ongoing use of long-chain PFAS
in industry, as well as the presence of PFAA precursors leading to short-chain as well as long-
chain PFAS.

PFAS usage in products such as AFFF and lubricants causes it to leak directly into the soil and/or
surface water, or indirectly through wear of PFAS-coated products such as paper, textiles, and
metal plating. With these processes, all different manufactured molecules within the PFAS group
in all different compositions leak into the environment. These molecules go through various
processes caused by e.g. sorption and transformation.

4. DISTRIBUTION OF PFAS IN THE AQUATIC
ENVIRONMENT

4.1. FROM SOIL AND GROUNDWATER TO SURFACE WATER

4.1.1 AFFF EMISSION INTO THE AQUATIC ENVIRONMENT

When AFFF containing PFAS is used, the leachate could be contained on the site itself, but most
of it will make its way into the surrounding soil before reaching surface water and groundwater.
Multiple studies were performed to assess the levels of different PFAS in the soil and subsequently
surface runoff and groundwater. A study by Hgisater et al. at an airport firefighting training facility
(FTF) showed that on the site, which was designed with membranes and collection systems for the
fuel, water, and AFFF to protect the groundwater, PFAS were still able to leach into the soil due
to wind and the increasing spraying range of modern firefighting engines (Hgiseter et al., 2019).
Furthermore, the extensive use of water during firefighting training facilities resulted in a higher
infiltration of the PFAS into the soil. The study showed that PFOS accounted for 96% of the total
%12 PFAS found, with a total concentration of PFAS ranging from <0.3 to 6500 ug/kg. The highest
concentrations were found in the first two meters of soil, (1000-6500 pg/kg and 1000-3500 pg/kg,
for 1-2 and 2-3 m resp.) and PFAS was found up to 4 m deep. Other studies showed similar results
(Baduel et al., 2017; Filipovic et al., 2015; McGuire et al., 2014).

Another study by Dauchy et al. showed concentrations of up to 12112 pg/kg soil for X34 PFAS
(Dauchy et al., 2019). Opposingly to Hgisater et al., 50% to >99% of the PFAS content was
contributed to fluorotelomers, mostly 6:2 fluorotelomer sulfonamide alkylbetaine (FTAB) and 6:2
FTSA, and PFSAs contributing to <1 to 46% of the total PFAS content, mostly PFOS. PFAS were
found up to 15 m deep into the soil, reaching the groundwater levels. In the groundwater around
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airports, levels of PFAS were found up to 45 pg/L (Filipovic et al., 2015; Haiseter et al., 2019).
In monitoring wells near an FTF, it was found by Dauchy et al. that close to the expected source
site, 6:2 FTAB was quantified in concentrations of 45 to 635 ng/L 20 m below the surface, showing
mobility despite being zwitterionic (Dauchy et al., 2019). Further away from the source, PFSAs
and PFCAs were more dominant in the groundwater, showing differences between the
groundwater close to the source and in the surface soil. Furthermore, for both the PFCAs and
PFSAs, the short-chain PFHXS, PFBS, PFPeA, and PFHXA fractions were predominant over
PFOS. This indicates that PFOS is less mobile than the short-chain PFAAs and underscores the
difference in mobility related to chain length and head groups in soil to groundwater. Furthermore,
the PFAS-contaminated groundwater interacts with surface water, exchanging water and
subsequent pollutants within these different compartments (Winter et al., 1998).

4.1.2. PFAS TRANSPORT THROUGH WWTP

Wastewater treatment plants (WWTP) are sites that generally filter and purify the water flow from
municipal and industrial waste before discharging it into surface water (Barisci & Suri, 2021). Its
influent originates from consumers and industry and therefore the PFAS related to these sources
flow through the WWTP before entering the aquatic ecosystem. A study on the PFAS levels in 19
Australian WWTPs showed concentrations ranging from 9.3 to 520 ng/L of 21 PFAS in aqueous
samples (Coggan et al., 2019). Furthermore, the levels of both long-chain and short-chain
PFCAs, PFPeA, PFHXxA, perfluoroheptanoic acid (PFHpA), PFOA, perfluorononanoic acid
(PFNA), and PFDA, were generally higher in the effluent as compared to the influent, a trend that
is seen for most WWTPs worldwide (Hamid & Li, 2016). Additionally, 6:2 FTSA, 8:2 FTSA, and
6:2 chlorinated polyfluoroalkyl ether sulfonate, commercially known as F-53B, were detected at
the Australian WWTP influents. F-53B was used as an alternative for PFOS in the metal industry
(He etal., 2022).

Furthermore, A study performed in the United States found that the levels of short-chain PFAAS,
such as PFBA and PFHXA, increased greatly in 2014 as opposed to 2009 after the reduction of the
use of long-chain to short-chain PFAAs (Houtz et al., 2016). WWTP generally purify the water
from pollution by e.g. using settling tanks to separate the solids and biodegradation through
microbial cultures, but the high aqueous solubility and resistance to (bio)degradation of PFAS
prevent this from happening to PFAS (Hamid & Li, 2016). Therefore, it is expected that the water
that has been purified from other pollutants would still contain equal concentrations of PFAS in
the effluent as in the influent. Furthermore, precursors PFAS are likely degraded and transformed
into persistent and stable PFAAs, with a recent higher trend of short-chain PFAAs.

Despite their generally high aqueous solubility, a certain fraction of the PFAS entering WWTPs
will sorb to the solid or semi-solid products of WWTP, known as sludge, or referred to as biosolids
when used outside of the WWTP e.g. fertilisers (Eggen et al., 2019; Hamid & Li, 2016). Long-
chain PFAS are more likely to sorb to the sludge than short-chain due to their hydrophobicity
(Eggen et al., 2019). Furthermore, PFSAs are more likely to sorb to the sludge than PFCAs due to
their higher hydrophobicity. A study in the Czech Republic measured the levels of £32 PFAS in
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sludge samples from 43 WWTPs. Sewage sludge levels varied from 6 to 960 ug/kg total PFAS
between locations, with PFOS accounting for approximately 60% of the total mass. Furthermore,
20% of the total mass of the samples contained more short-chain than long-chain PFAS, showing
the shift to using short-chain PFAS in products. Additionally, HFPO-DA (GenX), the replacement
in industry that is used for the manufacture of Teflon, was detected in 7 samples at concentrations
ranging from 0.3 to 1.2 pg/kg (Semerad et al., 2020). These levels were minor as opposed to the
total but yet showed an increasing concentration of alternative PFAS. Furthermore, Dauchy et al.
found that only long-chain PFCAs, namely PFOA, PFNA, and PFDA, were decreased in the
aqueous fraction after floatation treatment which resulted from settling the solids (Dauchy et al.,
2017). Therefore, it is likely these long-chain PFCASs deposited into the sludge are linked to the
higher hydrophobicity due to more CF2-moieties.

A study in France on the presence of PFAS in organic waste products found PFOS, N-ethyl
perfluorooctane sulfonamidoacetic acid, and cationic and zwitterionic electrochemical fluorination
precursors to PFOS in historic biosolids and composts in the period 1976-1998 (Munoz et al.,
2022). Contrastingly, they found that organic waste products in the period 2009-2017 were
dominated by zwitterionic fluorotelomers, representing on average 55% of the X160 PFAS, up to
97%. Specifically, the fluorotelomers sulfonamidopropyl betaines were found with the highest
occurrence and prevalence, while it was already found in low concentrations as early as 1985. This
study emphasised the recent emergence of zwitterionic and cationic PFAS, as opposed to the
anionic conjugated bases of PFAAs. The biosolids and compost that contain PFAS were used as
fertilisers in agriculture in the period 1976-1998, returning the PFAS into the environment.
Through runoff of the agricultural land to surface water and leaching into the soil and groundwater,
these PFAS can re-enter the aquatic environment.

4.2. FROM SURFACE WATER TO COASTAL WATER

4.2.1. SPATIAL AND TEMPORAL TRENDS IN SURFACE WATERS

As described above, PFAS levels in the environment are strongly linked to their source, as levels
are higher at industrial sites and WWTPs. Within a region, the differences in levels of PFAS can
differ greatly. In Finland, researchers found the levels of X23 PFAS in riverine waters to be higher
in the downstream, urbanised areas (15-75 ng/L) than in the relatively rural north upstream (0.53-
0.8 ng/L), with a high burden of PFOS (Junttila et al., 2019). Another study performed in the
Ganges River in India showed the highest levels of both PFCAs and PFSAs of £15 PFAS to be
PFHXA (0.4-4.7 ng/ L) and PFBS (<Method Quantitation Limit-10.2 ng/L) respectively (Sharma
et al., 2016). As opposed to a European country like Finland with a longer history of
industrialisation, the more recent industrialised sector of India showed that the transition from
long-chain PFAS to short-chain PFAAs affects spatial differences in riverine waters worldwide.
Within the Ganges River, the PFOS and PFOA emissions varied along the transect (0.20-190 and
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0.03-150 g/d, respectively), and PFOS emissions were linked to urban residents of sub-catchments,
further showing spatial differences within a specific region and the link to urban point-sources.

Temporal differences in PFAS concentrations can also be measured in the aquatic environment. A
study in Sweden measured the PFAS concentrations at two river catchments in the vicinity of FTFs
and AFFFs (Nguyen et al., 2022). They showed that levels of PFAS were 61 times higher for
Stockholm Arlanda airport, and 4 times higher at a WWTP and a military airport as opposed to a
reference site. Contrastingly, the two catchments showed different temporal PFAS trends. The
Stockholm Arlanda airport catchment showed an increase in high water flow seasons, likely
contributed to leaching from the airport FTF site, while the WWTP and military airport catchment
showed a decrease in high water flow seasons, likely contributed by the dilution of the catchment.
This underscores the differences in levels of PFAS linked to the different properties of the source
and aquatic environment.

4.2.2. PFAS DISTRIBUTION BETWEEN WATER AND SEDIMENT

Sediment in surface water bodies contains organic carbon, making it a hydrophobic environment
relative to the water itself. This causes more hydrophobic PFAS to partition into sediment
(Ahmadireskety et al., 2021; Ahrens et al., 2011; Joerss et al., 2019; Osté, 2022; Sharp et al., 2021).
The study by Ahrens et al. in laboratory conditions with three sediment types differing in organic
content showed that the organic carbon normalised partition coefficient (Koc) decreased in the
order of PFOSA (log Koc = 4.1 +0.35 L/kg > PFOS (3.7 £ 0.56 L/kg) > PFOA (2.4 £ 0.12 L/kg)
for all cases (Ahrens et al., 2011). The level of organic content had a significant influence on the
partitioning, as well as the difference in head group and length of the three PFAS. With sediment
with negligible organic content, the density of the sediment became the most important factor
influencing the partitioning, indicating that a higher density (more particles in the same volume)
is linked with a higher log Koc, and therefore a higher PFAS content.

Additionally, the study by Li et al. investigated the effect of organic matter, minerals, water
saturation, and solution chemistry on the transport and retention of long-chain and short-chain
PFAS through modelling (Li et al., 2023). High content of organic matter and minerals, a low
saturation, low pH, and divalent cations (such as Ca?* and Ma?*) had a great retardation effect on
long-chain PFAS. This effect was mainly due to their hydrophobic interactions, while the effect of
electrostatic interactions was more relevant for short-chain PFAS. Overall, the sorption can cause
retardation of PFAS in surface waters, with a stronger effect on long-chain PFAS and relatively
hydrophilic head groups.

4.2.3. PFAS DISTRIBUTION BETWEEN WATER, AIR AND NAPL

PFAS have a polar, hydrophilic head group and an apolar, hydrophobic tail, causing them to
have surfactant properties. Consequently, they behave in a similar manner as other surfactants,
such as soaps, and are manufactured for this purpose. Therefore, PFAS will accumulate at
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interfaces such as the air-water and non-aqueous phase liquid-water interface. Nonaqueous phase
liquids (NAPL) are organic liquids characterised by their immiscibility with water, such as (non-
fluorinated) hydrocarbons. These interfaces provide an extra retention layer for PFAS as they
move at a lower velocity than the bulk agueous mass (Brusseau, 2018). Little is known in the
literature about the concentration difference between the surface layer of a waterbody and the
other depths of the same location, but information on the air-water and air-NAPL interfaces is
available on the vadose zone, between surface and groundwater. Previous studies showed that
accumulation at the air-water interface could significantly enhance the retention of PFAS in the
unsaturated zone (Schaefer et al., 2023; Silva et al., 2022).

Further research suggested the link between retention in the air-water and air-NAPL interfacial
adsorption to the chain length of PFCAS, suggesting the greater surface activity of long-chain
PFAS (Silva et al., 2019). Furthermore, a study on the removal of PFCAs from aquatic
environment reported that the aeration of PFAS-contaminated water increased sorption to
activated carbon as a result of air-water interface adsorption, particularly on long-chain PFAS
(Meng et al., 2019). Contrastingly, the accumulation of PFAS at air-liquid, air-NAPL, and air-
sediment interfaces suggests that short-chain PFAS would partition more into the aqueous phase
and, therefore are more mobile and get distributed more easily in the aquatic environment.

4.3. OCEANIC ENVIRONMENT

Most, if not all surface water bodies drain into the sea, where they flow through coastal areas
into the vast seas and oceans. Once in the oceans and seas, PFAS will accumulate because these
waters do not run off into other water bodies and therefore act as the final sink. Junttila et al.
reported higher concentrations of £23 PFAS in the surface waters of Finland than in the outflow
areas in the Baltic Sea, but these levels were within the same order of magnitude (Junttila et al.,
2019). Variations exist within levels of PFAS in the different seas and oceans, but the general
levels are in the same order of magnitude as well (Muir & Miaz, 2021). Additionally, Miaz and
Muir found that the number of measurements of PFAS in coastal waters and seas that are present
does not translate into broad geographic coverage worldwide.

4.3.1. SPATIAL AND TEMPORAL TRENDS IN OCEANIC WATERS

PFAS concentrations in open seas and oceans are mostly available for Western Europe and East
Asia (85% for PFSAs and 80% for PFCAs). Data on the PFAS concentrations for the coastal
seas of North America, South Asia, and Australia are limited, and the data for the coastal seas of
Africa and South America are lacking (Muir & Miaz, 2021). Furthermore, the data
predominantly concern 14 PFCAs and PFSAs (including FOSA) to assess broad spatial and
temporal trends, lacking adequate measurements for the replacement PFAS. Differences in
spatial trend were estimated, but all median concentrations of XC4-C6 PFCAs, XC7-C12 PFCA:s,
and XPFCAs were within two orders of magnitude (0-14 ng/L, 0-12 ng/L and 0-4.9 ng/L resp.).
showing the ubiquitous presence of PFAS in oceanic waters.
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Temporal differences can be seen for different coastal seas in East Asia (Bohay and the Yellow
Seas, East China Sea, and South China Sea) for the £14 analysed PFAS (Muir & Miaz, 2021).
The increases in PFAS in coastal East Asia from 2000-2009 to 2015-2019 were especially large
for the short-chain PFCAs PFBA and PFPeA (56-1560x increase), as well as for PFHxA.
Unfortunately, these differences could be due to changes in reporting limits rather than purely
accounted for by changes in emission. Lower emissions were estimated in the North Sea in 2015-
2019 than in 2000-2009 for most PFCAs as well as for PFOS, but within a tenfold decrease.
Furthermore, the median concentrations for short-chain PFSAs PFBS and PFHXS were higher in
the Baltic Sea in the same periods (31x and 25x increase). Overall, the levels of legacy PFAS as
PFOA and PFOS seem to be within range of each other, while some short-chain PFAS seem to
be more abundant in contemporary measurements.

4.3.2. EFFECT OF SALINITY

Behaviour of PFAS in oceanic waters is less studied. Zhang et al. found an inverse correlation
between salinity and X21 PFAS in the North-Eastern coastal waters of the United States (Zhang
et al., 2019). Lower salinity in seawater is due to the higher content of surface water outflow.
Therefore, this correlation is likely due to the dilution of PFAS-contaminated surface and coastal
water, rather than the mechanistic link between salinity and PFAS levels. Generally, salinity can
affect the sorption of PFAS in aquatic environments, but as oceanic salt levels do not differ
greatly on a local scale, the effect in oceanic water is to be negligible for the fate of PFAS (You
etal., 2010).

4.3.3. OCEAN-AIR PARTITIONING THROUGH SEA SPRAY AEROSOLS

Due to the volatility of certain PFAS and/or their behaviour to accumulate at the air-liquid
interface, certain PFAS can re-enter the surface water environment through sea spray aerosols
(SSA). A laboratory simulation of SSA reported that the water-to-air transport of C6-C14 PFCAs
and C6, C8, and C10 PFSAs transferred to the atmosphere at less than 1%, but through sprays, the
transfer rate would increase by up to 1360 times (Reth et al., 2011). Furthermore, the enhancement
of volatilisation through the spray was correlated to the longer chain length of PFAASs for all except
the longest measured C14 PFCA. Sha et al. reported a strong correlation of atmospheric PFAASs to
the presence of SSA by measuring the Na* as the tracer ion at two locations at the Norwegian coast
(Sha et al., 2022). Furthermore, the location closer to the coast showed a higher correlation
between SSA and the PFAAs than more inland, emphasising the effect of PFAS-polluted seawater
on PFAS levels in coastal areas and their potential return to surface water. No research is available
on the presence of more volatile PFAS, e.g. fluorotelomer alcohols, which could potentially lead
to higher levels of PFAS in SSA.
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5. CONCLUSION AND RECOMMENDATIONS

This review emphasises the need to assess the step-by-step pathway of the fate of PFAS in
aquatic environments. In doing so, several key points have been identified. The production of
PFAS causes a wide array of structurally different PFAS to be emitted into the environment,
ranging from well-known legacy PFAS such as the long-chain PFAAs to recent alternatives such
as short-chain PFAAs, fluorotelomers, and fluoropolymers. The diversity of molecular
compositions and subsequent interactions of PFAS with the environment causes them to
accumulate differently in the aquatic environment. Throughout the chain, most PFAS such as
fluorotelomers and fluoropolymers end up transforming into terminal PFAAs, adding up to the
total of PFAAs in the environment. This study has produced an overview of the PFAS chain
from source to sink using recent literature, providing a complement to previous reviews that
primarily focused on a small group of PFAS, a single compartment in the aquatic environment,
or specific interactions of PFAS and their environment.

Individual studies and governmental reports on PFAS predominantly focus on measuring a
limited subset of 10-30 well-known PFAS compounds, leaving at least 4000 other PFAS
understudied. Emphasis is often placed on PFAAs, with lesser attention given to fluorotelomers
and specific PFAS variants (such as PAPs and fluoropolymers). Additionally, natural processes,
such as oxidation, are sometimes simulated, although these simulations may not accurately
represent real-world scenarios. Greater attention should be directed towards detecting other
PFAS variants that may currently evade analysis.

PFAS compounds are often grouped together across all compartments, despite clear evidence
indicating that the composition of the chain, functional groups, and other structural features
significantly influence their behaviour in the environment. Measurements should focus more on
interfaces rather than the total concentrations in compartments such as water and sediment.

With the increasing volume of information on PFAS, it has become challenging to consolidate
all sources. The diversity of methods and environmental factors complicates the precise
identification of discussed PFAS compounds. Often, generalised forms are referred to, whereas
transformed, branched, or ionised isomers are more likely present. Lacking the specific structure
and state of the molecule can lead to over- and underestimations of PFAS concentrations.

Overall, there is a growing interest in various aspects of PFAS behaviour in the environment
within contemporary scientific discourse. However, insufficient attention has been paid to the
diversity of PFAS compounds. In the future, greater consideration should be given to
understudied PFAS variants and the partitioning processes associated with these differences.

16



REFERENCES

Ahmadireskety, A., Da Silva, B. F., Awkerman, J. A., Aufmuth, J.,, Yost, R. A., & Bowden, J. A.
(2021). Per- and polyfluoroalkyl substances (PFAS) in sediments collected from the
Pensacola Bay System watershed. Environmental Advances, 5, 100088.
https://doi.org/10.1016/j.envadv.2021.100088

Ahrens, L., Yeung, L. W. Y., Taniyasu, S., Lam, P. K. S., & Yamashita, N. (2011). Partitioning
of perfluorooctanoate (PFOA), perfluorooctane sulfonate (PFOS) and perfluorooctane
sulfonamide (PFOSA) between water and sediment. Chemosphere, 85(5), 731-737.
https://doi.org/10.1016/j.chemosphere.2011.06.046

Backe, W. J., Day, T. C., & Field, J. A. (2013). Zwitterionic, Cationic, and Anionic Fluorinated
Chemicals in Aqueous Film Forming Foam Formulations and Groundwater from U.S.
Military Bases by Nonaqueous Large-Volume Injection HPLC-MS/MS. Environmental
Science & Technology, 47(10), 5226-5234. https://doi.org/10.1021/es3034999

Baduel, C., Mueller, J. F., Rotander, A., Corfield, J., & Gomez-Ramos, M.-J. (2017). Discovery
of novel per- and polyfluoroalkyl substances (PFASSs) at a fire fighting training ground and
preliminary investigation of their fate and mobility. Chemosphere, 185, 1030-1038.
https://doi.org/10.1016/j.chemosphere.2017.06.096

Barisci, S., & Suri, R. (2021). Occurrence and removal of poly/perfluoroalkyl substances (PFAS)
in municipal and industrial wastewater treatment plants. Water Science and Technology,
84(12), 3442-3468. https://doi.org/10.2166/wst.2021.484

Barzen-Hanson, K. A., Roberts, S. C., Choyke, S., Oetjen, K., McAlees, A., Riddell, N.,
McCrindle, R., Ferguson, P. L., Higgins, C. P., & Field, J. A. (2017). Discovery of 40
Classes of Per- and Polyfluoroalkyl Substances in Historical Aqueous Film-Forming Foams
(AFFFs) and AFFF-Impacted Groundwater. Environmental Science & Technology, 51(4),
2047-2057. https://doi.org/10.1021/acs.est.6b05843

Beekman, M., Zweers, P., Muller, A., de Vries, W., Janssen, P., & Zeilmaker, M. (2016).
Evaluation of substances used in the GenX technology by Chemours, Dordrecht. RIVM
Letter Report 2016-0174, 92. https://www.rivm.nl/dsresource?objectid=3186e480-7d66-

4ded-ac59-
acd2e804d3b5&type=org&disposition=inline%0Ahttp://mwww.rivm.nl/bibliotheek/rapporten

/2016-0174.pdf

Benskin, J. P., De Silva, A. O., & Martin, J. W. (2010). Isomer profiling of perfluorinated
substances as a tool for source tracking: a review of early findings and future applications.

17



Reviews of Environmental Contamination and Toxicology, 208, 111-160.
https://doi.org/10.1007/978-1-4419-6880-7_2

Brusseau, M. L. (2018). Assessing the potential contributions of additional retention processes to
PFAS retardation in the subsurface. Science of The Total Environment, 613614, 176-185.
https://doi.org/10.1016/j.scitotenv.2017.09.065

Brusseau, M. L., & Van Glubt, S. (2019). The influence of surfactant and solution composition
on PFAS adsorption at fluid-fluid interfaces. Water Research, 161, 17—-26.
https://doi.org/10.1016/j.watres.2019.05.095

Buck, R. C., Franklin, J., Berger, U., Conder, J. M., Cousins, I. T., Voogt, P. De, Jensen, A. A,,
Kannan, K., Mabury, S. A., van Leeuwen, S. P. J., de Voogt, P., Jensen, A. A., Kannan, K.,
Mabury, S. A., & van Leeuwen, S. P. J. (2011). Perfluoroalkyl and polyfluoroalkyl
substances in the environment: Terminology, classification, and origins. Integrated
Environmental Assessment and Management, 7(4), 513-541.
https://doi.org/10.1002/ieam.258

Buck, R. C., Korzeniowski, S. H., Laganis, E., & Adamsky, F. (2021). Identification and
classification of commercially relevant per- and poly-fluoroalkyl substances (PFAS).
Integrated Environmental Assessment and Management, 17(5), 1045-1055.
https://doi.org/10.1002/ieam.4450

Butt, C. M., Berger, U., Bossi, R., & Tomy, G. T. (2010). Levels and trends of poly- and
perfluorinated compounds in the arctic environment. Science of The Total Environment,
408(15), 2936-2965. https://doi.org/10.1016/j.scitotenv.2010.03.015

Cara, B., Lies, T., Thimo, G., Robin, L., & Lieven, B. (2022). Bioaccumulation and trophic
transfer of perfluorinated alkyl substances (PFAS) in marine biota from the Belgian North
Sea: Distribution and human health risk implications. Environmental Pollution, 311,
119907. https://doi.org/10.1016/j.envpol.2022.119907

Chai, J.-F., Lei, P.-H., Xia, X.-Y., Xu, G., Wang, D.-J., Sun, R., Gu, J.-Z., & Tang, L. (2017).
Pollution patterns and characteristics of perfluorinated compounds in surface water adjacent
potential industrial emission categories of Shanghai, China. Ecotoxicology and
Environmental Safety, 145, 659-664. https://doi.org/10.1016/j.ecoenv.2017.08.011

Chen, X., Zhu, L., Pan, X., Fang, S., Zhang, Y., & Yang, L. (2015). Isomeric specific
partitioning behaviors of perfluoroalkyl substances in water dissolved phase, suspended
particulate matters and sediments in Liao River Basin and Taihu Lake, China. Water
Research, 80, 235-244. https://doi.org/10.1016/j.watres.2015.04.032

18



Coggan, T. L., Moodie, D., Kolobaric, A., Szabo, D., Shimeta, J., Crosbie, N. D., Lee, E.,
Fernandes, M., & Clarke, B. O. (2019). An investigation into per- and polyfluoroalkyl
substances (PFAS) in nineteen Australian wastewater treatment plants (WWTPs). Heliyon,
5(8), €02316. https://doi.org/10.1016/j.heliyon.2019.e02316

Dauchy, X., Boiteux, V., Bach, C., Colin, A., Hemard, J., Rosin, C., & Munoz, J.-F. (2017).
Mass flows and fate of per- and polyfluoroalkyl substances (PFASS) in the wastewater
treatment plant of a fluorochemical manufacturing facility. Science of The Total
Environment, 576, 549-558. https://doi.org/10.1016/j.scitotenv.2016.10.130

Dauchy, X., Boiteux, V., Colin, A., Hémard, J., Bach, C., Rosin, C., & Munoz, J.-F. (2019).
Deep seepage of per- and polyfluoroalkyl substances through the soil of a firefighter
training site and subsequent groundwater contamination. Chemosphere, 214, 729-737.
https://doi.org/10.1016/j.chemosphere.2018.10.003

D’Eon, J. C., Hurley, M. D., Wallington, T. J., & Mabury, S. A. (2006). Atmospheric chemistry
of N-methyl perfluorobutane sulfonamidoethanol, C4F9SO2N(CH3)CH2CH20OH: kinetics
and mechanism of reaction with OH. Environmental Science & Technology, 40(6), 1862—
1868. https://doi.org/10.1021/ES0520767

DeWitt, J. C., Blossom, S. J., & Schaider, L. A. (2019). Exposure to per-fluoroalkyl and
polyfluoroalkyl substances leads to immunotoxicity: epidemiological and toxicological
evidence. Journal of Exposure Science and Environmental Epidemiology, 29(2), 148-156.
https://doi.org/10.1038/s41370-018-0097-y

Dixit, F., Munoz, G., Mirzaei, M., Barbeau, B., Liu, J., Duy, S. V., Sauvé, S.,
Kandasubramanian, B., & Mohseni, M. (2022). Removal of Zwitterionic PFAS by MXenes:
Comparisons with Anionic, Nonionic, and PFAS-Specific Resins. Environmental Science &
Technology, 56(10), 6212—-6222. https://doi.org/10.1021/acs.est.1c03780

East, A. G., Narizzano, A. M., Holden, L. A., Bazar, M. A., Bohannon, M. E., Pervitsky, D.,
Adams, V. H., Reinke, E. N., & Quinn, M. J. (2023). Comparative Toxicity of Seven
Aqueous Film-Forming Foam to In Vitro Systems and Mus. Environmental Toxicology and
Chemistry, 42(11), 2364-2374. https://doi.org/10.1002/etc.5714

Eggen, T., Heimstad, E. S., Nikiforov, V., & Vogelsang, C. (2019). Maximum limit values for
selected hazardous organic contaminants (HOCS) in secondary raw materials used in
fertilisers and soil products (Vol. 5, Issue 110).
https://www.miljodirektoratet.no/globalassets/publikasjoner/m1503/m1503.pdf

Fenton, S. E., Ducatman, A., Boobis, A., DeWitt, J. C., Lau, C., Ng, C., Smith, J. S., & Roberts,
S. M. (2021). Per- and Polyfluoroalkyl Substance Toxicity and Human Health Review:

19



Current State of Knowledge and Strategies for Informing Future Research. Environmental
Toxicology and Chemistry, 40(3), 606-630. https://doi.org/10.1002/etc.4890

Filipovic, M., Woldegiorgis, A., Norstrém, K., Bibi, M., Lindberg, M., & Osterds, A.-H. (2015).
Historical usage of aqueous film forming foam: A case study of the widespread distribution
of perfluoroalkyl acids from a military airport to groundwater, lakes, soils and fish.
Chemosphere, 129, 39-45. https://doi.org/10.1016/j.chemosphere.2014.09.005

Flynn, R. W., Hoover, G., lacchetta, M., Guffey, S., de Perre, C., Huerta, B., Li, W., Hoverman,
J. T., Lee, L., & Sepulveda, M. S. (2022). Comparative Toxicity of Aquatic Per- and
Polyfluoroalkyl Substance Exposure in Three Species of Amphibians. Environmental
Toxicology and Chemistry, 41(6), 1407-1415. https://doi.org/10.1002/etc.5319

Gluge, J., Scheringer, M., Cousins, I. T., Dewitt, J. C., Goldenman, G., Herzke, D., Lohmann, R.,
Ng, C. A, Trier, X., & Wang, Z. (2020). An overview of the uses of per- And
polyfluoroalkyl substances (PFAS). Environmental Science: Processes and Impacts, 22(12),
2345-2373. https://doi.org/10.1039/d0em00291g

Hamid, H., & Li, L. (2016). Role of wastewater treatment plant (WWTP) in environmental
cycling of poly- and perfluoroalkyl (PFAS) compounds. Ecocycles, 2(2), 43-53.
https://doi.org/10.19040/ecocycles.v2i2.62

He, Y., Lv, D, Li, C., Liu, X,, Liu, W., & Han, W. (2022). Human exposure to F-53B in China
and the evaluation of its potential toxicity: An overview. Environment International, 161,
107108. https://doi.org/10.1016/j.envint.2022.107108

Hegisater, A., Pfaff, A., & Breedveld, G. D. (2019). Leaching and transport of PFAS from
aqueous film-forming foam (AFFF) in the unsaturated soil at a firefighting training facility
under cold climatic conditions. Journal of Contaminant Hydrology, 222, 112-122.
https://doi.org/10.1016/j.jconhyd.2019.02.010

Houtz, E. F., Sutton, R., Park, J.-S., & Sedlak, M. (2016). Poly- and perfluoroalkyl substances in
wastewater: Significance of unknown precursors, manufacturing shifts, and likely AFFF
impacts. Water Research, 95, 142-149. https://doi.org/10.1016/j.watres.2016.02.055

Joerss, H., Apel, C., & Ebinghaus, R. (2019). Emerging per- and polyfluoroalkyl substances
(PFASS) in surface water and sediment of the North and Baltic Seas. Science of the Total
Environment, 686, 360—369. https://doi.org/10.1016/j.scitotenv.2019.05.363

Junttila, V&ha, Perkola, Réike, Siimes, Mehtonen, Kankaanpéa, & Mannio. (2019). PFASs in
Finnish Rivers and Fish and the Loading of PFASs to the Baltic Sea. Water, 11(4), 870.
https://doi.org/10.3390/w11040870

20



Khan, B., Burgess, R. M., & Cantwell, M. G. (2023). Occurrence and Bioaccumulation Patterns
of Per- and Polyfluoroalkyl Substances (PFAS) in the Marine Environment. ACS ES&T
Water, 3(5), 1243-1259. https://doi.org/10.1021/acsestwater.2c00296

Kissa, E. (2001). Fluorinated Surfactants and Repellents (2nd ed., Vol. 71, Issue 8). Marcel
Dekker. https://doi.org/10.1177/004051750107100823

Kowalczyk, J., Flor, M., Karl, H., & Lahrssen-Wiederholt, M. (2020). Perfluoroalkyl substances
(PFAS) in beaked redfish (Sebastes mentella) and cod (Gadus morhua) from arctic fishing
grounds of Svalbard. Food Additives and Contaminants: Part B Surveillance, 13(1), 34-44.
https://doi.org/10.1080/19393210.2019.1690052

Kwiatkowski, C. F., Andrews, D. Q., Birnbaum, L. S., Bruton, T. A., Dewitt, J. C., Knappe, D.
R. U., Maffini, M. V., Miller, M. F., Pelch, K. E., Reade, A., Soehl, A., Trier, X., Venier,
M., Wagner, C. C., Wang, Z., & Blum, A. (2020). Scientific Basis for Managing PFAS as a
Chemical Class. Environmental Science and Technology Letters, 7(8), 532-543.
https://doi.org/10.1021/acs.estlett.0c00255

Langberg, H. A., Arp, H. P. H., Breedveld, G. D., Slinde, G. A., Hagiseter, A., Granning, H. M.,
Jartun, M., Rundberget, T., Jenssen, B. M., & Hale, S. E. (2021). Paper product production
identified as the main source of per- and polyfluoroalkyl substances (PFAS) in a Norwegian
lake: Source and historic emission tracking. Environmental Pollution, 273, 116259.
https://doi.org/10.1016/j.envpol.2020.116259

Leonard Osté. (2022). Literature study on PFAS precursors in sediments and surface water.
https://doi.org/11208091-003-ZWS-0001

Li, H., Dong, Q., Zhang, M., Gong, T., Zan, R., & Wang, W. (2023). Transport behavior
difference and transport model of long- and short-chain per- and polyfluoroalkyl substances
in underground environmental media: A review. Environmental Pollution, 327, 121579.
https://doi.org/10.1016/j.envpol.2023.121579

Liu, W., Wu, J., He, W., & Xu, F. (2019). A review on perfluoroalkyl acids studies:
Environmental behaviors, toxic effects, and ecological and health risks. Ecosystem Health
and Sustainability, 5(1), 1-19. https://doi.org/10.1080/20964129.2018.1558031

Ma, T., Ye, C., Wang, T., Li, X., & Luo, Y. (2022). Toxicity of Per- and Polyfluoroalkyl
Substances to Aquatic Invertebrates, Planktons, and Microorganisms. International Journal
of Environmental Research and Public Health, 19(24), 16729.
https://doi.org/10.3390/ijerph192416729

McGuire, M. E., Schaefer, C., Richards, T., Backe, W. J., Field, J. A., Houtz, E., Sedlak, D. L.,
Guelfo, J. L., Wunsch, A., & Higgins, C. P. (2014). Evidence of Remediation-Induced

21



Alteration of Subsurface Poly- and Perfluoroalkyl Substance Distribution at a Former
Firefighter Training Area. Environmental Science & Technology, 48(12), 6644—6652.
https://doi.org/10.1021/es5006187

Mejia Avendano, S., & Liu, J. (2015). Production of PFOS from aerobic soil biotransformation
of two perfluoroalkyl sulfonamide derivatives. Chemosphere, 119, 1084-1090.
https://doi.org/10.1016/J. CHEMOSPHERE.2014.09.059

Meng, P., Jiang, X., Wang, B., Huang, J., Wang, Y., Yu, G., Cousins, I. T., & Deng, S. (2019).
Role of the air-water interface in removing perfluoroalkyl acids from drinking water by
activated carbon treatment. https://doi.org/10.1016/j.jhazmat.2019.121981

Miranda, D. A., Benskin, J. P., Awad, R., Lepoint, G., Leonel, J., & Hatje, V. (2021).
Bioaccumulation of Per- and polyfluoroalkyl substances (PFASS) in a tropical estuarine
food web. Science of the Total Environment, 754, 142146.
https://doi.org/10.1016/j.scitotenv.2020.142146

Muir, D., & Miaz, L. T. (2021). Spatial and Temporal Trends of Perfluoroalkyl Substances in
Global Ocean and Coastal Waters. Environmental Science and Technology, 55(14), 9527—
9537. https://doi.org/10.1021/acs.est.0c08035

Munoz, G., Michaud, A. M., Liu, M., Vo Duy, S., Montenach, D., Resseguier, C., Watteau, F.,
Sappin-Didier, V., Feder, F., Morvan, T., Houot, S., Desrosiers, M., Liu, J., & Sauvé, S.
(2022). Target and Nontarget Screening of PFAS in Biosolids, Composts, and Other
Organic Waste Products for Land Application in France. Environmental Science &
Technology, 56(10), 6056-6068. https://doi.org/10.1021/acs.est.1c03697

Nguyen, M. A., Norstrém, K., Wiberg, K., Gustavsson, J., Josefsson, S., & Ahrens, L. (2022).
Seasonal trends of per- and polyfluoroalkyl substances in river water affected by fire
training sites and wastewater treatment plants. Chemosphere, 308, 136467.
https://doi.org/10.1016/j.chemosphere.2022.136467

OECD. (2018). Toward a new comprehensive global database of per- and polyfluoroalkyl
substances (PFASSs): Summary report on updating the OECD 2007 list of per- and
polyfluoroalkyl substances (PFASS). In Organisation for Economic Co-operation and
Development.

O’Hagan, D. (2008). Understanding organofluorine chemistry. An introduction to the C—F bond.
Chem. Soc. Rev., 37(2), 308-319. https://doi.org/10.1039/B711844A

Panieri, E., Baralic, K., Djukic-Cosic, D., Djordjevic, A. B., & Saso, L. (2022). PFAS
Molecules: A Major Concern for the Human Health and the Environment. Toxics, 10(2), 44.
https://doi.org/10.3390/toxics10020044

22



Peshoria, S., Nandini, D., Tanwar, R. K., & Narang, R. (2020). Short-chain and long-chain
fluorosurfactants in firefighting foam: a review. Environmental Chemistry Letters, 18(4),
1277-1300. https://doi.org/10.1007/s10311-020-01015-8

Place, B. J., & Field, J. A. (2012). Identification of Novel Fluorochemicals in Aqueous Film-
Forming Foams Used by the US Military. Environmental Science & Technology, 46(13),
7120-7127. https://doi.org/10.1021/es301465n

Reth, M., Berger, U., Broman, D., Cousins, I. T., Nilsson, E. D., & McLachlan, M. S. (2011).
Water-to-air transfer of perfluorinated carboxylates and sulfonates in a sea spray simulator.
Environmental Chemistry, 8(4), 381. https://doi.org/10.1071/EN11007

Schaefer, C. E., Hooper, J. L., Strom, L. E., Wu, K., & Guelfo, J. L. (2023). Per- and
polyfluoroalkyl substances in foam and dewatering streams at wastewater treatment plants.
AWWA Water Science, 5(4), 1-7. https://doi.org/10.1002/aws2.1349

Schaider, L. A., Balan, S. A,, Blum, A., Andrews, D. Q., Strynar, M. J., Dickinson, M. E.,
Lunderberg, D. M., Lang, J. R., & Peaslee, G. F. (2017). Fluorinated Compounds in U.S.
Fast Food Packaging. Environmental Science & Technology Letters, 4(3), 105-111.
https://doi.org/10.1021/acs.estlett.6b00435

Schulz, K., Silva, M. R., & Klaper, R. (2020). Distribution and effects of branched versus linear
isomers of PFOA, PFOS, and PFHXS: A review of recent literature. Science of The Total
Environment, 733, 139186. https://doi.org/10.1016/j.scitotenv.2020.139186

Schwartz-Narbonne, H., Xia, C., Shalin, A., Whitehead, H. D., Yang, D., Peaslee, G. F., Wang,
Z.,Wu, Y., Peng, H., Blum, A., Venier, M., & Diamond, M. L. (2023). Per- and
Polyfluoroalkyl Substances in Canadian Fast Food Packaging. Environmental Science and
Technology Letters, 10(4), 343-349. https://doi.org/10.1021/acs.estlett.2c00926

Schymanski, E. L., Zhang, J., Thiessen, P. A., Chirsir, P., Kondic, T., & Bolton, E. E. (2023).
Per- and Polyfluoroalkyl Substances (PFAS) in PubChem: 7 Million and Growing.
Environmental Science and Technology, 57(44), 16918-16928.
https://doi.org/10.1021/acs.est.3c04855

Semerad, J., Hatasova, N., Grasserova, A., Cerna, T., Filipova, A., Han¢, A., Innemanova, P.,
Pivokonsky, M., & Cajthaml, T. (2020). Screening for 32 per- and polyfluoroalkyl
substances (PFAS) including GenX in sludges from 43 WWTPs located in the Czech
Republic - Evaluation of potential accumulation in vegetables after application of biosolids.
Chemosphere, 261, 128018. https://doi.org/10.1016/j.chemosphere.2020.128018

Sha, B., Johansson, J. H., Tunved, P., Bohlin-Nizzetto, P., Cousins, I. T., & Salter, M. E. (2022).
Sea Spray Aerosol (SSA) as a Source of Perfluoroalkyl Acids (PFAAS) to the Atmosphere:

23



Field Evidence from Long-Term Air Monitoring. Environmental Science and Technology,
56(1), 228-238. https://doi.org/10.1021/acs.est.1c04277

Sharma, B. M., Bharat, G. K., Tayal, S., Larssen, T., BeCanova, J., Karaskova, P., Whitehead, P.
G., Futter, M. N., Butterfield, D., & Nizzetto, L. (2016). Perfluoroalkyl substances (PFAS)
in river and ground/drinking water of the Ganges River basin: Emissions and implications
for human exposure. Environmental Pollution, 208(Pt B), 704—713.
https://doi.org/10.1016/j.envpol.2015.10.050

Sharp, S., Sardifia, P., Metzeling, L., McKenzie, R., Leahy, P., Menkhorst, P., & Hinwood, A.
(2021). Per- and Polyfluoroalkyl Substances in Ducks and the Relationship with
Concentrations in Water, Sediment, and Soil. Environmental Toxicology and Chemistry,
40(3), 846-858. https://doi.org/10.1002/etc.4818

Silva, J. A. K., Martin, W. A., Johnson, J. L., & McCray, J. E. (2019). Evaluating air-water and
NAPL-water interfacial adsorption and retention of Perfluorocarboxylic acids within the
Vadose zone. Journal of Contaminant Hydrology, 223, 103472.
https://doi.org/10.1016/j.jconhyd.2019.03.004

Silva, J. A. K., Simtinek, J., & McCray, J. E. (2022). Comparison of methods to estimate air-
water interfacial areas for evaluating PFAS transport in the vadose zone. Journal of
Contaminant Hydrology, 247, 103984. https://doi.org/10.1016/j.jconhyd.2022.103984

Smith, J. W. N., Beuthe, B., Dunk, M., Demeure, S., Carmona, J. M. M., Medve, A., Spence, M.
J., Pancras, T., Schrauwen, G., Held, T., Baker, K., Ross, 1., & Slenders, H. (2016).
Environmental fate and effects of polyand perfluoroalkyl substances (PFAS). CONCAWE
Reports, 8, 1-107.

Sun, J. M., Kelly, B. C., Gobas, F. A. P. C., & Sunderland, E. M. (2022). A food web
bioaccumulation model for the accumulation of per- and polyfluoroalkyl substances (PFAS)
in fish: how important is renal elimination? Environmental Science: Processes and Impacts,
24(8), 1152-1164. https://doi.org/10.1039/d2em00047d

Tansel, B. (2024). Geographical characteristics that promote persistence and accumulation of
PFAS in coastal waters and open seas: Current and emerging hot spots. Environmental
Challenges, 14, 100861. https://doi.org/10.1016/J.ENVC.2024.100861

Thompson, J. T., Chen, B., Bowden, J. A., & Townsend, T. G. (2023). Per- and Polyfluoroalkyl
Substances in Toilet Paper and the Impact on Wastewater Systems. Environmental Science
& Technology Letters, 10(3), 234-239. https://doi.org/10.1021/acs.estlett.3c00094

UNEP. (2019a). Initial indicative list of perfluorohexane sulfonic acid (PFHxS), its salts and
PFHxS-related compounds (UNEP/POPS/POPRC.15/INF/9).

24



UNEP. (2019b). Report on the evaluation of information on perfluorooctane sulfonic acid, its
salts and perfluorooctane sulfonyl fluoride Note.

UNEP. (2021). Proposal to list long-chain perfluorocarboxylic acids, their salts and related
compounds in Annexes A, B and/or C to the Stockholm Convention on Persistent Organic
Pollutants.
http://chm.pops.int/Convention/POPsReviewCommittee/Chemicals/tabid/243/Default.aspx

UNEP. (2022). Updated indicative list of substances covered by the listing of perfluorooctanoic
acid (PFOA), its salts and PFOA-related compounds.

Vierke, L., Berger, U., & Cousins, I. T. (2013). Estimation of the acid dissociation constant of
perfluoroalkyl carboxylic acids through an experimental investigation of their water-to-air
transport. Environmental Science and Technology, 47(19), 11032-11039.
https://doi.org/10.1021/es402691z

Wang, W., Rhodes, G., Ge, J., Yu, X., & LI, H. (2020). Uptake and accumulation of per- and
polyfluoroalkyl substances in plants. Chemosphere, 261, 127584.
https://doi.org/10.1016/j.chemosphere.2020.127584

Wang, Z., Buser, A. M., Cousins, I. T., Demattio, S., Drost, W., Johansson, O., Ohno, K.,
Patlewicz, G., Richard, A. M., Walker, G. W., White, G. S., & Leinala, E. (2021). A New
OECD Definition for Per- And Polyfluoroalkyl Substances. Environmental Science and
Technology, 55(23), 15575-15578. https://doi.org/10.1021/acs.est.1c06896

Wiebe, A., Gieshoff, T., Mohle, S., Rodrigo, E., Zirbes, M., & Waldvogel, S. R. (2018).
Electrifying Organic Synthesis. Angewandte Chemie International Edition, 57(20), 5594—
5619. https://doi.org/10.1002/anie.201711060

Winter, T. C., Harvey, J. W., Franke, O. L., & Alley, W. M. (1998). Ground Water and Surface
Water A Single Resource. In U.S. Geological Survey.

You, C., Jia, C., & Pan, G. (2010). Effect of salinity and sediment characteristics on the sorption
and desorption of perfluorooctane sulfonate at sediment-water interface. Environmental
Pollution, 158(5), 1343-1347. https://doi.org/10.1016/j.envpol.2010.01.009

Zhang, X., Lohmann, R., & Sunderland, E. M. (2019). Poly- and Perfluoroalky! Substances in
Seawater and Plankton from the Northwestern Atlantic Margin. Environmental Science &
Technology, 53(21), 12348-12356. https://doi.org/10.1021/acs.est.9b03230

Zhao, S., Zhou, T., Wang, B., Zhu, L., Chen, M., Li, D., & Yang, L. (2018). Different
biotransformation behaviors of perfluorooctane sulfonamide in wheat (Triticum aestivum

25



L.) from earthworms (Eisenia fetida). Journal of Hazardous Materials, 346, 191-198.
https://doi.org/10.1016/j.jhazmat.2017.12.018

Zhu, H., & Kannan, K. (2020). A pilot study of per- and polyfluoroalkyl substances in
automotive lubricant oils from the United States. Environmental Technology & Innovation,
19, 100943. https://doi.org/10.1016/j.eti.2020.100943

26



	List of abbreviations
	1. Introduction
	2. What are PFAS?
	2.1. Definition of PFAS
	2.2. Perfluorinated compounds
	2.3. Polyfluorinated compounds
	2.4. Fluoropolymers
	2.5. nomenclature of ionic forms of PFAS

	3. Sources of PFAS
	3.1. Manufacturing methods
	3.1.1. Electrochemical fluorination
	3.1.2. Fluorotelomerisation

	3.2. Applications of PFAS
	3.2.1. Firefighting Foams
	3.2.2. Consumer related-products
	3.2.3. Industrial and transportation-related products


	4. Distribution of PFAS in the aquatic environment
	4.1. From soil and groundwater to surface water
	4.1.1 AFFF emission into the aquatic environment
	4.1.2. PFAS transport through WWTP

	4.2. From surface water to coastal water
	4.2.1. Spatial and temporal trends in surface waters
	4.2.2. PFAS distribution between water and sediment
	4.2.3. PFAS distribution between water, air and NAPL

	4.3. Oceanic environment
	4.3.1. Spatial and temporal trends in oceanic waters
	4.3.2. Effect of salinity
	4.3.3. Ocean-air partitioning through sea spray aerosols


	5. Conclusion and recommendations
	References

