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Abstract

Per- and PolyFluoroAlkyl Substances (PFAS) are highly chemically stable synthetic compounds.
They are widely used in industrial and commercial sectors due to their ability to repel water and oil,
thermal stability, and surfactant properties. However, this stability results in environmental
persistence and bioaccumulation, posing significant health risks as PFAS eventually find their way
into environmental media. Key PFAS compounds, including PerFluoroOctanoic Acid (PFOA),
PerFluoroOctane Sulfonic acid (PFOS), and PerFluoroHexane Sulfonic acid (PFHxS), have been
linked to hepatotoxicity, immunotoxicity, neurotoxicity, and endocrine disruption. In response to the
health threats these substances pose, global regulatory measures, such as the Stockholm Convention
restrictions and national drinking water standards, have been implemented to reduce PFAS
exposure. Despite these efforts, a lack of universally accepted definitions or comprehensive
inventories of PFAS compounds hampers the effective management of these substances. As
definitions differ across regulatory bodies, research and policy integration have become complicated.
PFAS are broadly categorized as either PerFluoroAlkyl Acids (PFAAs), precursors, or other
fluorinated substances, however, PFAS encompasses over 5,000 distinct compounds, many of which
are poorly characterized. PFAS contamination arises from direct industrial emissions and indirect
environmental formation, these substances have been detected in water, soil, and air samples from
all over the globe, including from remote regions like Antarctica. Analytical methods, such as
primarily liquid and gas chromatography coupled with tandem mass spectrometry, have advanced
PFAS detection. However, standardized monitoring protocols remain inadequate. Future
management requires unified definitions, expanded monitoring efforts, and standardized
methodologies to address the persistent environmental and health impacts of PFAS. This review
underscores the need for improved regulatory frameworks and further research.

Keywords: PFAS; PFOA; PFOS

1. Introduction

Per- and PolyFluoroAlkyl Substances (PFAS) are fluorinated substances containing at least one
fully fluorinated methyl or methylene carbon atom, with no hydrogen (H), chlorine (Cl), bromine
(Br), or iodine (I) atoms attached [1]. In PFAS structures, the carbon atoms are not bonded with H, Cl,
Br, or I, resulting in fully or nearly fully fluorinated molecular frameworks. The carbon-fluorine (C-
F) bond in PFAS creates extremely stable substances, this means their terminal transformation
products persist in the environment for long periods (Table 1). Furthermore, the perfluorinated
carbon chains in PFAS exhibit both hydrophobic and lipophobic characteristics, making them
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effective surfactants and surface protectants [2]. Due to their advantageous properties —such as an
ability to repel water and oil, thermal stability, and surfactant behavior —PFAS have been utilized in
various industrial and commercial applications since the 1950s, while patents list PEAS uses across
39 categories [3,4]. The unique chemical characteristics and stability of PFAS have lead to their
widespread application in industry. However, this chemical stability hinders their natural
degradation, resulting in their detection across global environmental matrices, including water, soil,
and air, after being steadily distributed by environmental transport and long-range atmospheric
movement (Figure 1) [4-7]. Additionally, PFAS bioaccumulate in organisms and have been detected
in both humans and animals. Certain PFAS, such as PerFluoroOctanoic Acid (PFOA),
PerFluoroOctane Sulfonic acid (PFOS), and PerFluoroHexane Sulfonic acid (PFHxS), are recognized
as hazardous to human health [2,6,8-12]. As a result, PFAS are now perceived to require strict
management due to their health risks, persistence, and bioaccumulation potential. These dangers are
seen to outweigh their industrial utility for current and future generations.

Table 1. Evolution of PFAS Definitions Across Regulatory and Research Frameworks.

References Definitions

-Definition: PFAS are aliphatic substances where all hydrogen atoms in
the carbon chain are replaced by fluorine atoms, including the

]?;gi(le;t[z; "perfluoroalkyl moiety (-CnFans1-)."
-Note: The moiety implies a fully fluorinated terminal carbon, but the
textual definition does not explicitly require it.
-Definition: PFAS are chemicals with a perfluoroalkyl moiety containing
at least three carbons (—CnF2n—, n > 3) or a perfluoroalkylether moiety
OECD (2018) with at least two carbons (-CnF2nOCmF2m-~—, n, m > 1).
[13] -Note: Expanded the perfluoroalkyl moiety from Buck et al.'s "(CnF2nu1-)"
to "-CnF2n-," including cases where both ends of the moiety are
attached to functional groups.
-Definition: Any chemical substance or mixture containing the structural
unit R-(CF2)-C(F)(R")R".
TSCA (2020) -Both CF2 and CF moieties ’are saf’urated carbons, and none of the R
[14] o groups (R, R’, or R") can be hy.drogen. .
-Application: Proposed rule for TSCA reporting and recordkeeping
requirements and the 2021 Draft Drinking Water Contaminant
Candidate List.
National -Definition: Man-made chemicals with at least one fully fluorinated
Defense
o carbon atom.
Authorization

(2020) [15] -Note: A simplified definition to encompass a broad range of PFAS.

-Definition: Fluorinated substances containing at least one fully
fluorinated methyl (~CF3) or methylene (—CF2-) carbon atom without
any H/Cl/Bz/I attached.

-Note: Removes the requirement for entirely aliphatic structures, only

OECD (2021)
(1]

requiring a minimally fully fluorinated carbon group.
-PFASMASTER List: Initially contained over 5,000 unique PFAS,
including substances without defined chemical structures, polymers, and
EPA (2021) [16] mixtures.
-PFASSTRUCT List: Structure-based definitions to clearly delineate
PFAS chemical space for research and regulatory purposes.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.0347.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 July 2025 d0i:10.20944/preprints202507.0347.v1

3 of 17

Oxidation and {;
»

i photolysis >
PFAS in the atmosphere FTOM, FTIs PFCA, PFBS Py

y.e?' y Long-range transport
Plant uptake and b & : T
i : ‘
evapnr»a ion = l ’ PFAS

Deposition Health 2
Effect

Evaporation

PFAS in the water

Figure 1. Environmental Cycling and Distribution of PEAS Across Air, Water, and Soil.

In response to these risks, regulatory measures on PFAS have been implemented worldwide.
For instance, the Stockholm Convention has classified certain PFAS compounds as substances subject
to production and usage restrictions [9]. Specifically, PFOS was listed in Annex B of the Convention
in 2009, restricting its production and use, while PFOA was added to Annex A in 2019, permitting
only limited uses. PFHxS was included in Annex A in 2022, prohibiting all uses without exemptions.
The U.S. Environmental Protection Agency (EPA) established drinking water standards for PFAS in
April 2024, PFAS are also regulated under the Toxic Substances Control Act (TSCA). Additionally,
U.S. states such as California, New York, Maine, Vermont, Washington, Connecticut, and Minnesota
adopted legislation in 2022-2023 banning PFAS in food packaging [17]. In the European Union (EU),
usage restrictions were proposed by the European Chemicals Agency (ECHA) in February 2023, these
proposals are currently under public consultation [17].

Despite increased research and regulation due to the health and environmental risks posed by
PFAS, a universally accepted definition of PFAS has yet to be established. The health effects of most
PFAS compounds, apart from a few well-known examples, remain unverified, while their sources of
release and environmental cycling have not been fully elucidated [18]. Moreover, due to the diversity
of PFAS compounds, comprehensive data on their environmental concentrations, analytical
methodologies, and toxicological profiles remain scarce. Therefore, this study aims to summarize
existing PFAS research and highlight the importance of further studies focusing on the accumulation
of these substances in environmental media.

2. Definition, Types, and Health Risks of PFAS

Although various studies on PFAS have been conducted, a standardized definition of PFAS has
not been universally adopted. An initial definition was proposed by Buck et al. in 2011, this study
defined PFAS as an aliphatic substance in which all hydrogen atoms in the carbon chain are replaced
by fluorine, incorporating a perfluoroalkyl moiety (-CnFzy+1-) [6]. However, this definition implied,
but did not explicitly specify, the inclusion of fully fluorinated terminal carbons. In 2018, the OECD
expanded the definition to include chemicals with a perfluoroalkyl moiety containing at least three
carbon atoms (-CnFz,-, n = 3) or a perfluoroalkyl ether moiety with at least two carbon atoms (-
CnF,,OCmFoy-, n, m > 1) [13]. In 2021, the OECD redefined PFAS as fluorinated substances
containing at least one fully fluorinated methyl (-CFs) or methylene (-CF:-) carbon without any
bonded H, Cl, Br, or I atoms, removing the requirement for an aliphatic structure [1]. Similarly, the
TSCA defines PFAS as substances or mixtures structurally characterized by R-(CF,)-C(F)(R)R", this
definition was applied to the draft drinking water contaminant candidate list [14]. The U.S. National
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Defense Authorization Act defines PFAS as synthetic chemicals containing at least one fully
fluorinated carbon atom [15]. Over time, these definitions have evolved to become more precise and
practical. However, differences in definitions across institutions and regulatory purposes hinder
consistent communication and complicate the delineation of PFAS for research purposes.

Table 2. Key Research Findings on PFAS Exposure and Health Effects.

Reference Key Findings
Highlighted the persistence, bioaccumulation, and mobility of PFAS
and stressed the need for phase-out strategies and remediation of

Cousins et al.,

2023
21] contaminated areas. The study detailed the effects of PFAS on the
immune system and liver.
. Investigated the association between PFAS exposure and
Averill et al., . . .
2018 cardiometabolic outcomes in adolescents exposed to the World Trade
[22] Center disaster. Found that PFAS exposure may affect lipid profiles and

insulin resistance.

Examined the human exposure pathways and health effects of PFASs.
Found that PFAS persist in the environment and can expose humans
through drinking water and seafood. PFAS exposure is linked to
immune suppression, metabolic disorders, and neurodevelopmental

Sunderland et
al., 2018 [23]

issues.

Reviewed the toxicity of PFAS and their impact on human health,
emphasizing links between PFAS exposure and liver dysfunction,
reduced immune response, and developmental problems.
Reviewed the link between PFAS exposure and immune-related health

Rappazzo et al,,
2017 [24]

Grandjeanetal., outcomes in children. Found that PFAS exposure could negatively
2012 [25] impact the immune system, including reduced antibody response to
vaccines.
Investigated the relationship between PFAS exposure and thyroid

Mel tal., o :
clzereta function in adults. Found that PFAS exposure may alter thyroid

1
2010 [26] hormone levels.
. Found that PFAS exposure during pregnancy is associated with
Fei et al., 2007 . . . . .. . .
[27] reduced birth weight in offspring, emphasizing the potential negative

effects of PFAS on fetal development.

. Examined the association between PFAS exposure and hepatocellular
Eriksen et al.,

i i 1 lation. i
2009 [28] carcinoma in the general population. Concluded that high PFAS

exposure is linked to an increased risk of liver cancer.

The lack of a universally agreed-upon definition also complicates the categorization of PFAS.
Nevertheless, substances with the general structure (CnF,y+1-R) are conservatively classified as PFAS.
More than 5,000 such compounds are known to exist in the global market, most of these are
uncharacterized and referred to as PFAS precursors [19]. Common PFAS and PFAS precursor
compounds are categorized and summarized in Table 2, along with their toxicity and applications
[20]. PFAS are broadly divided into categories such as PerFluoroAlkyl Acids (PFAAs), PFAA
precursors, and other substances. PFAAs include subcategories such as PerFluoroCarboxylic Acids
(PFCAs), PerFluoroSulfonic Acids (PFSAs), PerFluoroPhosphonic Acids (PFPAs), perfluoroalkyl
iodides (PFPIAs), PerFluoroEther Carboxylic Acids (PFECAs), and PerFluoroEther Sulfonic Acids
(PFESAs). PFAA precursors are comprise of PerfluoroAlkyl Sulfonyl Fluoride (PASF)-based and
fluorotelomer-based substances, while other categories include fluoropolymers and
PerFluoroPolyEthers (PFPEs).

Among these, PFCAs (e.g., PerFluoroButanoic Acid [PFBA], PerFluoroPentanoic Acid [PFPeA),
PerFluoroHexanoic Acid [PFHxA]) are primarily long-chain compounds with significant potential
for environmental persistence and bioaccumulation, posing risks of hepatotoxicity,
immunosuppression, and carcinogenicity. PFCAs are commonly used in fluorinated coatings and
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water repellents [16,29]. PFSAs are structurally similar to PFOA but are more chemically stable, they
exhibit high environmental and biological persistence and cause toxic effects such as carcinogenicity,
hormonal disruption, and immunosuppression. They are mainly used in firefighting foams and
waterproof coatings [30]. Other PFAS categories, including PFPAs, PFPIAs, PFECAs, and PFESAs,
show varying degrees of environmental accumulation and toxicity, these substances are used in
specialty chemicals and industrial applications [31,32]. Fluorotelomer-based substances, despite
having shorter chains, resist degradation and exhibit reproductive toxicity and immunosuppressive
effects [29-31]. Fluoropolymers are non-biodegradable but tend to be less toxic than other PFAS, they
are used as insulators [16,32].

Over 5,000 PFAS products are available on the global market, these products can generate
secondary PFAS substances when they degrade [33]. Despite the danger these substances pose, a
comprehensive definition of PFAS and a detailed inventory of PFAS compounds have not yet been
established. This lack of clarity complicates both human health risk assessments and regulatory
measures aimed at mitigating the harm these substances cause. To address these challenges, since
2018, the EPA and the National Toxicology Program (NTP) have been developing a detailed library
of PFAS definitions, management protocols, and toxicity testing resources to facilitate the evaluation
of PFAS-related human health risks. This PFAS library employs both structure-based chemical
informatics and expert-derived structural categories linked to human health risks. The PFAS
structure candidates utilized in this library are drawn from the Distributed Structure-Searchable
Toxicity (DSSTox) database. As of December 10, 2024, DSSTox contains a curated list of approximately
1,218,248 substances, each substance’s chemical structure is examined prior to registration [34].
Within this database, the KEMI PFAS list (PFASKEMI) serves as one of the largest inventories
containing about 1,200 chemical structures [35,36]. From this, around 600 potentially purchasable
substances have been identified, and approximately 400 of them have been included in the PFAS
toxicity testing library. Through these efforts, 150 substances have been prioritized for human health
risk assessment, with toxicity evaluations currently underway [35,36].

Although the health risks of certain PFAS substances (e.g., PFOA, PFOS) have been
demonstrated, the risks associated with most other PFAS compounds remain unconfirmed. In
response, in vitro experiments have been conducted on priority PFAS substances identified in the
EPA’s library. Due to the limited availability of health risk data on many PFAS, these studies have
been designed to encompass a wide range of biological responses, based on known human health
risks associated with PFOA and PFOS. The selected in vitro tests include assessments of
developmental neurotoxicity, developmental toxicity, immunotoxicity, endocrine disruption, and
general toxicity. Studies predicting the distribution and metabolism of PFAS in biological systems
have also been carried out (Table S2). Specifically, the above experiments include developmental
toxicity assays using zebrafish embryos, MicroElectrode Array (MEA) network formation tests for
developmental neurotoxicity, high-throughput screening assays provided by ACEA Biosciences and
Attagene, BioSeek Diversity Plus assays for immunosuppression and other phenotypic evaluations,
High-Throughput Transcriptomics (HTTr), High-Throughput Phenotypic Profiling (HTPP) for broad
biological activity assessment, and in vitro toxicokinetics studies 36.

PFAS have been shown to pose various human health risks, particularly risks related to
developmental toxicity, immunotoxicity, neurotoxicity, and endocrine disruption. In addition, liver
damage has been identified as a critical point of impact, this conclusion is supported by evidence of
mRNA alterations and changes in cellular organelle morphology, which indicate potential
carcinogenic and teratogenic risks. These findings suggest that PFAS not only cause neurological
damage but also exhibit carcinogenic, mutagenic, and genotoxic properties. The results of these
human health risk assessments for PEAS have been corroborated by previous studies (Table 2). PFAS
exposure has been associated with immunosuppression, metabolic disorders, impaired
neurodevelopment, liver dysfunction, and adverse effects on fetal development. These findings align
closely with the outcomes of the EPA's in vitro experiments. Collectively, both the EPA’s research
and prior studies confirm that PFAS pose significant genotoxic, immunotoxic, neurotoxic, and
hepatotoxic human health risks.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3. PFAS Environmental Concentration and Behavior in Air Pollution Research

The presence of PFAS in the environment is classified into direct and indirect emissions [37].
Direct emissions refer to the release of PFAS during production, consumption, and transportation
from industrial and domestic environments. In contrast, indirect emissions involve the formation of
PFAS in the environment through photolysis, chemical reactions, or biological degradation of
precursor substances. Direct emissions have been associated with the production of fluoropolymers
and their subsequent use since PFOA production began in 1947 [38]. According to studies that looked
at the EPA's ECHO (Enforcement and Compliance History Online) database, approximately 41,862
facilities, out of 1.5 million regulated facilities, were identified as potential sources of PFAS emissions
[39]. These facilities include not only waste treatment, landfill, incineration, and sewage treatment
facilities but also industrial sites involved in plating, coating, petrochemicals, metal manufacturing,
cleaning, papermaking, textile production, and mining. It has been estimated that approximately 3%
of industrial facilities in the United States are potential PFAS emission sources, indicating that
emissions are not limited to any specific industrial sector.

Indirect PFAS emissions remain poorly understood, largely due to the extensive variety of PFAS
and their precursors, making it impractical to comprehensively track all PFAS-related formation and
degradation products. However, some known indirect emission processes have been documented.
For example, firefighting Aqueous Film-Forming Foam (AFFF) has been found to produce over 10
types of PFAS, including PFOS, when released into aquatic environments [33]. Fluoropolyalcohols,
used in water-repellent coatings in the construction industry, are emitted into the atmosphere due to
their high vapor pressure, once emitted they react with water vapor and Nitrogen Oxides (NOx) to
form PFCAs [40]. Fluorotelomer alcohols (FTOHs), used in the synthesis of fluoropolymers and water
repellents, are more volatile than fluoropolyalcohols and can undergo oxidation and biodegradation
to produce PFOA and PerFluoroNonanoic Acid (PFNA). These volatile compounds can travel long
distances in the atmosphere [41]. FluoroTelomer lodides (FTIs), precursors in polymer synthesis,
convert to FTOHs, these subsequently form PFOA and PFNA. FluoroTelomer Sulfonic Acids
(FTSAs), which are used as industrial surfactants, degrade to produce PFOA and PFOS [42,43].
Similarly, perfluoroalkane sulfonamido ethanols (FOSEs), previously used as PFOS precursors,
degrade into PFOS and PFOA, while polyfluoroalkyl substances used in food packaging convert to
PFOA within the environment or even in the human body [44-47].

The stability of the C-F bond in PFAS contributes to their long-term environmental persistence
after direct or indirect emission. PFAS and PFAA precursor substances are often found in ionic form
within aqueous environments due to their physicochemical properties. These substances are
transported downstream in rivers and through groundwater. PFAS species commonly found in water
include highly soluble short-chain PFCAs such as PFBA, PFPeA, and PFHxA, although long-chain
compounds like PFOA may also be present [37]. PFAS in water can adsorb to or desorb from
suspended particulates. Adsorbed PFAS may settle into sediments along riverbanks or deposit in
sediment layers, in these cases their behavior is influenced by both hydrophobic and hydrophilic
functional groups. However, unlike other persistent organic pollutants, the behavior of PFAS in
sediment environments is not fully understood. Sediment samples generally contain a higher
proportion of long-chain PFAS, such as PFOS and PerFluoroUnDecanoic Acid (PFUnDA), compared
to water samples that tend to contain higher concentrations of short-chain PFAS.

While most PFAS are found in ionic form in water, soil, or sediment, some PFAS compounds
and precursors are present in the atmosphere. These atmospheric PFAS undergo long-range
transport driven by air currents. For instance, perfluoroaldehyde and fluoropolyaldehyde can
photodegrade to form PFCAs. Volatile compounds such as HydroChloroFluoroCarbons (HCFCs)
and N-Methyl perFluoroButane SulfonamidoEthanol (NMeFBSE) are oxidized in the atmosphere to
produce PerFluoroButane Sulfonate (PFBS) and PFCAs [48,49]. Additionally, fluorotelomer
compounds such as FTIs and FTOHs contribute to atmospheric PFAS formation through chemical
reactions. Atmospheric PFAS can be deposited into aquatic environments through precipitation or
particle deposition, where they eventually accumulate in sediment or soil. Some PFAS in these media
may re-enter the atmosphere through volatilization. This environmental cycling highlights the
persistence of PFAS, which facilitates their widespread distribution and bioaccumulation in
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organisms. Through various exposure pathways, including by entering the food chain, PFAS can
accumulate and exert toxic effects on biological systems [50-52].

Figure 2 provides PFAS concentrations in water, soil, and atmospheric environments. The
primary PFAS of concern for human health are PFOA and PFOS. Although making direct
comparisons across studies is challenging due to differences in research periods and analytical
methods, the data indicate that PFOA concentrations in drinking water are generally higher than
PFOS concentrations. In certain regions, such as Japan and the United States, higher PFAS levels have
been detected compared to other countries. Groundwater samples from Australian landfills and
Chinese fluorochemical complexes show the highest concentrations of PFOA and PFOS. These
findings suggest that PFAS concentrations vary significantly depending on local industrial activities,
waste management practices, and water treatment systems. The elevated concentrations near
industrial and landfill sites indicate that PFAS emissions are associated with production and disposal
processes.
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Figure 2. Global Distribution of PFOA and PFOS Concentrations in Environmental Media ((a)Atmosphere,
(b)Underground Water, (c) Drinking Water, and (d) Soil,). (References for atmosphere: [5,53-60], ground water:
[61-65], drinking water: [66-71], soil: [72]).

The concentrations of PFAS in soil have been reported in a study by Rankin, who collected soil
samples on a global scale and analyzed them using consistent methods. The highest concentrations
of PFOA and PFOS were observed in Asia, while the lowest concentrations were detected in Africa.
Identifying clear causes for these variations is challenging due to limited data. However, it can be
inferred that higher PFOA and PFOS concentrations may be linked to the presence of PFAS
manufacturing facilities. PFOA production began in 1947 by 3M in the United States, while
perfluorinated compound manufacturing has primarily taken place in countries such as the United
States, Belgium, and Italy [38]. Over time, companies like 3M phased out the production of
perfluorinated compounds, resulting in a shift of these manufacturing activities to Asian countries
[73,74]. Therefore, the elevated concentrations of PFOA and PFOS in Asian countries may be
attributed to current production activities, while the concentrations detected in Europe and North
America may reflect the legacy of past PFAS production and serve as another indication of the
environmental persistence of these substances.

One significant finding is the detection of PFOA and PFOS in Antarctica, which demonstrates
not only the environmental persistence of PFAS but also their potential for long-range transport
through atmospheric pathways. The highest atmospheric concentrations of PFOA and PFOS were
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found in industrial regions of China. Countries such as the United States, Canada, Japan, and
Australia showed moderate concentrations, while Sweden and Finland had the lowest levels. These
differences are consistent with the influence of fluorochemical manufacturing facilities, with direct
emissions from industrial sites in China being a notable factor. Comparisons of PFOA and PFOS
concentrations across regions reveal that urban and industrial areas exhibit relatively higher PFAS
concentrations, whereas rural areas have lower concentrations. These findings emphasize the role of
industrial emissions in determining atmospheric PFAS levels and suggest that the spatial distribution
of PFAS is closely tied to regional industrial activities and facility emissions.

4. PFAS Analysis Methods in Air Pollution Research

The growing recognition of the significance effect PFAS have on human and environmental
health has increased global demands for enhanced PFAS monitoring. However, the number of PFAS
compounds to be monitored and their permissible concentrations have not yet been standardized,
except for recommendations in a few countries such as Germany, Australia, and the United States
[75,76]. This lack of standardization is attributed to the vast number of PFAS compounds and the
absence of universally established analytical methods for all PFAS substances. Consequently,
researchers face challenges in determining appropriate analytical parameters and methods for testing
various environmental media, which may hinder effective monitoring efforts. Therefore, this study
aims to introduce current trends in PFAS analytical parameters and methods. The standardized
methods for PFAS analysis, along with the associated target compounds and measurement
instruments, are presented in Table S3. As indicated, water is the primary medium for PFAS analysis,
most analytical methods have been developed to monitor drinking water. Specifically, EPA methods
537, 533, and 537.1 focus on PFAS detection in drinking water, while EPA SW-846 addresses PFAS
analysis in surface water, groundwater, and wastewater for pollution control. Similarly, International
Organization for Standardization (ISO) 25101:2009 and ISO 21675:2019 provide guidelines for
analyzing PFAS in drinking water, surface water, groundwater, and wastewater. However, the
American Society for Testing and Materials (ASTM) standards emphasize PFAS analysis in solid
materials. These standardized methods primarily use Liquid Chromatography-tandem Mass
Spectrometry (LC-MS/MS) with Multiple Reaction Monitoring (MRM) techniques that incorporate
internal or isotope dilution standards to enhance sensitivity. This approach is taken because PFAS
concentrations in the environment are often extremely low.

The number of PFAS compounds monitored by standardized methods, including those from the
EPA, ISO, and ASTM, is generally limited to a maximum of 25 compounds. This is insufficient
considering the extensive number of PFAS compounds that require surveillance. Additionally, these
standardized methods focus on ionic PFAS and may not effectively detect volatile and semi-volatile
PFAS compounds or PFAS precursors in gaseous form. Consequently, non-standardized analytical
methods have been developed based on recent research to address these limitations. Due to the
persistence of PFAS in the environment, various chromatographic and mass spectrometric techniques
have been employed to detect trace concentrations in environmental media. High-performance
Liquid Chromatography (HPLC), Ultra-High-Performance Liquid Chromatography (UHPLC),
Capillary Liquid Chromatography (CLC), and Gas Chromatography (GC) are commonly used for
PFAS analysis. LC methods are typically employed to analyze ionic PFAS (e.g., PECAs, PFSAs), while
GC is used for volatile and semi-volatile PFAS compounds (e.g., fluorotelomer alcohols, FTOHs, and
fluorotelomer sulfonate esters, FASEs). Tandem mass spectrometry is frequently employed in
combination with these chromatographic techniques to improve accuracy by using MRM, which
minimizes interferences and enhances detection limits.

The analysis of low concentrations of PEAS requires not only advanced instrumentation but also
appropriate sample preparation and pretreatment procedures to minimize matrix effects and
concentrate target analytes. Common pretreatment methods, summarized in Table 54 and Figure 2,
include Solid-Phase Extraction (SPE), Solid-Liquid Extraction (SLE), Pressurized Liquid Extraction
(PLE), Liquid-Liquid Extraction (LLE), ultrasonic extraction, Soxhlet extraction, and Solid-Phase
MicroExtraction (SPME) (Al et al., 2020). These methods may be employed individually or in
combination, depending on the sample type and analytical requirements. After extraction, analytes
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may undergo further concentration, purification, or chemical derivatization to optimize detection.
Internal or isotope-labeled standards (e.g., 1*C, 0O, 1°N-labeled PFAS analogs) are typically used to
improve quantification accuracy. Detection involves comparing the mass-to-charge ratio (m/z) and
retention time of analytes to known standards.

In tandem mass spectrometry, MRM analysis is performed to selectively detect characteristic
secondary ions by eliminating interfering substances. This process involves generating primary
fragment ions (precursor ions) through applying a Fragmentation Voltage (FV) in the first mass
analyzer. These ions are then subjected to Collision-Induced Dissociation (CID) to produce secondary
product ions, these are selectively detected in a second mass analyzer under Selected Ion Monitoring
(SIM) conditions. MRM analysis provides greater sensitivity and specificity than conventional mass
spectrometry. While Time-Of-Flight Mass Spectrometry (TOF-MS) is generally less sensitive than
tandem MS, it offers advantages such as an unlimited mass range and superior resolution, making it
useful for screening unknown compounds. Since PFAS samples often contain a wide variety of
precursor compounds and degradation products, TOF-MS is particularly effective for comprehensive
profiling and structural identification of these samples. A summary of the analytical methods used
in prior research for various environmental media is provided in Table 3.

Table 3. Analytical Techniques and Extraction Approaches for PFAS Detection Across Environmental and Food
Matrices.

Sample

Matrix Analytical Technique Extraction Approach Reference

ASE, Cold column extraction,
Concentration after solvent capture,  [77-89]
SLE!, Soxhlet extraction, SPE!?
Automated solid phase extraction,
GC-MS/MS, LC-MS/MS, LLEB, Micro-LLE®, Soxhlet extraction,

Air and air GC-MS!, GC-MS/MS?,
particle LC-MS/MS?

Water LC-HRMS*, 19F-NMRs3, SPE, SPME?, Turbulent flow [61962?_
Nano-LC-MS¢ chromatography based online
extraction
low injection- ;
Soil and Flow injection-MS/MS, FUSLE!', Hot vapour/Soxhelt
sediment “CTIRMS, LEMSMS, =\ ction & PLEV, PLE, SLE, spg (10771161
LC-QToF-MSs8 ! / §
LC-MS/MS, LC-QqLIT- FUSLE, IPE®, LLE, Micro-extraction,
Foods MS? PLE, SLE, SPE [117-124]
Packaging GC-MS, LC-MS/MS, LC- FUSLE, PLE, SLE, SPE, UPAE", XAD [125-129]
materials QToF-MS extracted with EtOAc2

1 GC-MS - Gas Chromatography-Mass Spectrometry. 2 GC-MS/MS - Gas Chromatography-Tandem Mass
Spectrometry. 3 LC-MS/MS - Liquid Chromatography-Tandem Mass Spectrometry. 4 LC-HRMS - Liquid
Chromatography-High Resolution Mass Spectrometry. 5 19F-NMR - Fluorine-19 Nuclear Magnetic Resonance
Spectroscopy. 6 Nano-LC-MS - Nano Liquid Chromatography-Mass Spectrometry. 7 Flow injection-MS/MS -
Flow Injection-Tandem Mass Spectrometry. 8 LC-QToF-MS - Liquid Chromatography-Quadrupole Time-of-
Flight Mass Spectrometry. 9 LC-QqLIT-MS - Liquid Chromatography-Quadrupole Linear Ion Trap Mass
Spectrometry. 10 ASE - Accelerated Solvent Extraction. 11 SLE - Solid-Liquid Extraction. 12 SPE - Solid Phase
Extraction. 13 LLE - Liquid-Liquid Extraction. 14 Micro-LLE - Micro-Liquid-Liquid Extraction. 15 SPME - Solid
Phase Microextraction. 16 FUSLE - Fast Ultrasound-Assisted Solvent Extraction. 17 PLE - Pressurized Liquid
Extraction. 18 IPE - Ion-Pair Extraction. 19 UPAE - Ultrasound-Phased Array Extraction. 20 XAD extracted with
EtOAc - Use of XAD resin (a polymeric adsorbent) followed by elution with ethyl acetate for analyte recovery.

5. Future PFAS Management Strategies and Review Conclusions

PFAS are recognized as hazardous substances due to their environmental persistence and
adverse health effects, warranting global management efforts. Despite their widespread distribution,
including detection in remote regions such as Antarctica, comprehensive definitions, regulatory
inventories, and toxicity studies for PFAS remain inadequate. Table S5 presents PFAS guideline
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concentrations established by key countries. Looking at this table, we can see regulatory thresholds
are primarily focused on PFOA and PFOS, while monitoring is largely restricted to drinking water.
However, other PFAS compounds have also been shown to pose environmental and health risks,
necessitating broader monitoring efforts across various media, including soil and air. To manage
PFAS effectively, it is crucial to establish a unified definition, compile comprehensive inventories of
environmentally and toxicologically significant PFAS, and develop standardized analytical methods
for their detection. Furthermore, monitoring efforts should encompass PFAS precursors and
degradation products to account for the full environmental impact of these substances. Current
research has shown that PFAS concentrations vary greatly based on industrial activities, regulatory
frameworks, and waste management practices. Therefore, coordinated international efforts are
required to ensure consistent regulatory measures across the globe.

Enhanced monitoring infrastructure, including training of personnel and the development of
laboratory capacities, is essential for addressing the challenges posed by PFAS analysis. Improved
access to analytical standards, coupled with the establishment of harmonized protocols, can enhance
the accuracy and comparability of PEAS measurements worldwide. In addition, data sharing among
regulatory bodies, researchers, and industries can facilitate early detection of emerging PFAS
compounds and improve our understanding of their environmental behavior. The regulatory
landscape for PFAS continues to evolve. In the EU, public consultation is ongoing regarding the
proposed restrictions on PFAS usage under the ECHA. In the United States, individual states are
implementing PFAS bans in consumer products such as food packaging, while the EPA are
tightening drinking water standards. Similarly, Australia and Germany have expanded their PFAS
monitoring programs to include new compounds and stricter regulatory limits.

Future studies should prioritize the identification of emerging PFAS and their degradation
products, more research on their toxicological profiles and environmental transport mechanisms is
also needed. In particular, research focusing on indirect emissions and the long-term behavior of
PFAS in sediments and the atmosphere will help elucidate critical exposure pathways.
Understanding the cumulative effects of multiple PFAS compounds in complex environmental
systems is also vital for properly assessing the risks they pose to human health and ecosystems. In
order to support future research and regulatory efforts, this study has outlined current PFAS
definitions, lists, and analytical methods for detecting PFAS. It is hoped that the findings presented
here will contribute to the establishment of effective PFAS management practices and enhanced
environmental protection. Continued interdisciplinary collaboration among scientists, policymakers,
and industry stakeholders is necessary to mitigate the risks associated with PFAS and protect both
public health and the environment.
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