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Per- and polyfluoroalkyl substances (PFAS) are a family of synthetic fluorinated organic compounds whose
widespread use and resistance to biodegradation have led to their accumulation in the environment, causing

growing concerns over their impact on humans.

PFAS perfluorinated chemicals remediation organic pollutants persistent pollutants

| 1. Introduction

PFAS are versatile family of chemicals used in many diverse applications such as fire suppressants, paints and
coatings, adhesive sealants, recovery of oil and gas, agrochemical adjuvants, repellant cookware coatings,
waterproofing, among others RIEBIABIEII Thejr commercial success and widespread use can be attributed to
physical and chemical properties, such as a high degree of thermal and chemical stability of the F-C bonds
compared to traditional C-H bonds in their alkyl chains WEIRILA and the ability of flurosurfactants to reduce
surface tension in water to about 15 mNm; in contrast, traditional hydrocarbon surfactants (HS) that can only
reduce surface tension to about 28 mNm. This is a double-edged sword; these very same properties cause bio-
accumulative PFAS to contaminate and persist in numerous environmental media such as groundwater, causing
them to be nicknamed “forever chemicals” 1121131 Global studies have identified significant concentrations of
PFAS at urban and rural sites on all six continents, with many sites located at far distances from potential sources,
such as in the Antarctic L4IIZ3I16IL7I8IL0  Throughout these sites, PFAS have been detected to be present in the
local streams soil, plants, and animal tissues (20120][22]  The presence of PFAS in animal tissues and food
packaging has been cited as an important pathway for human exposure to PFAS, along with other forms of

environmental exposure 23124, Figure 1 shows schematic pathways of human exposure.

| 2. Classification of PFAS

PFAS can be broadly divided into two main classes: fluoropolymers and non-polymeric flurosurfactants. While the
class of fluropolymers include well known substances such as PTFE (Teflon) and ethylene tetrafluoroethylene
(ETFE, trade name Tefzel), most research into PFAS focuses on fluorosurfactants (FS) , as they are widely used

in industry and as such frequently detected in the environment 23 and as such have been subjected to
increased regulatory scrutiny. The FS, depending upon the degree of fluorination of their alkyl chains, are
classified into two classes: perfluoroalkyl and polyfluoroalkyl surfactants (PFAS). Perfluoroalkyl surfactants contain

fully fluorinated alkyl chains where all possible hydrogen atoms in the alkyl chain have been replaced by fluorine.
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On the other hand, polyfluoroalkyl substances are only partially fluorinated, leaving some carbon-hydrogen bonds
intact. The hydrophilic end groups of these two classes can be carboxylic acid (PFCA), quaternary ammonium, or
sulfonic acid (PFSA) functionalites . Among these the  perflurooctanoic carboxyic acid (PFOA) and
perflurooctanoic sulfonate (PFOS) are the most frequently detected FS in the environment and are known to be
toxic to humans. The majority of the fluoropolymers in the environment as well are ultimately transformed to

perfluoroalkyl acids (PFAA) via biotic and abiotic transformation 28271 Figure 2 illustrates a family tree of PFAS.
3. Physical and Chemical Properties of PFAS

A thorough comprehension of the physical and chemical properties of PFAS is vital for understanding their release
into the environment and the difficulties related to their removal from the environment 28], These unique properties
are primarily associated with the fluorine atoms that replace hydrogen along PFAS carbon chains. The high
electronegativity and small size of fluorine atom makes the C-F bond one of the strongest covalent bonds in
nature. The large amount of energy required to break this bond is responsible for the chemical stability of PFAS in
the presence of oxidants and high temperature environments as well as their resistance to biological degradation
by microbes 1028 Additionally, the high degree polarizability of fluorine imparts the signature property of PFAS
having both hydrophobicity and lipophobicity within the same molecule 22, The structure of a prototypical FS
molecule, in this case, PFOS, is outlined in Figure 3.

- Carcinpgenesis

= Endocrine disruption

- Fertility and fetal heaith
- Immunatecicity

- Metabolic disruption

- Neurotonicity
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Figure 1. Potential intake pathways of PFAS

While the C-F bond in their alkyl chain is common to all PFAS, there is significant structural variation across these
compounds. Alkyl chain length and its degree of fluorination is often used in the classification of PFAS, as they
have a strong impact on surface and performance properties. Increasing the alkyl chain length and the degree of
fluorination is associated with increasing lipophilicity and hydrophobicity 28123 PFAS are found to accumulate in
surface water, ground water and biosolid/sediment/soil substrates, although longer-chain PFAS due to their poor
solubility in water are more likely to adsorb onto soil particles These differences in aqueous solubility and
absorptivity cause disparities in mobility and environmental transport of these molecules BY. Therefore, the

distribution of long-chain and short-chain PFAS in the environment is highly dependent on the alkyl chain length.

Figure 2. Classification tree of PFAS family compounds adapted from Buck et al. BI19 and ITRC PFAS Team 19,

Where industrial applications are considered, shorter alkylated FS (<C6) , as expected, have much lower surface
activity and considerably much poor performance compared to longer chain FS in many of the applications. In the
early 2000 traditional long chain FS (>C6) came under scrutiny by regulatory bodies due to severity of
bioaccumulation of FS in the environment and their toxicity to humans. The accumulation of long-chain and short-
chain PFAS in the environment is highly dependent on the alkyl chain length among other factors including (but not
limited to) charge type of the hydrophilic functional group: carboxylates , sulfonates, and amines.

4. Synthesis and Environmental Detection of PFAS
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Electrochemical fluorination (ECF) and fluorotelomerization are two major processes that are used to manufacture
fluorinated polymers, and flurosurfactants Among FS, PFSA are produced using the ECF process, whereas PFCA
are produced by both ECF and fluorotelomerization . During the ECF process, the corresponding hydrocarbon
compound is fluorinated using anhydrous HF 23, By this process, short-chain sulfonyl fluorides as precursor for the
synthesis of PFAS can be obtained in excellent yields; however, the yield of this fluorination decreases steadily with
increasing alkyl chain-length (>C6 ). The fluorotelomerization process involves the reaction of perfluoroethyl iodide
(CF3CF2-l) and tetrafluoroethylene (TFE, CF2=CF2) to manufacture fluorotelomer-based surfactants as well as
fluoropolymers. When compared to EFC, the fluorotelomarization process is considered safer due to the

generation of less toxic byproducts. Table 1 shows the major suppliers of FS.

Figure 3. Generic structure of a PFAS molecule (PFOS)

Table 1 Key Suppliers of PFAS

. Trade CF chain length and ST
Supplier Market )
name reduction
Wide range of FS, Fluroalky,
Paints, coatings, wax, polishers, perfluroethers ,etc. C4F and
DuPont (US) cleaners, films, adhesives, stain Capstone C6F
guard

ST reduction 20 mNm

. . . . Fluropolymers and surfactants
Stain resistant Paints, coatings,

CF4
3M (US) wax, polishers, cleaners, films, Novec
adhesives, .
esives ST reduction 20 mNm
Both FC surfactants and
Architectural finishes, paints, |
Advanced Polymer Inc. ) ) . REVITEE
(US) inks, coatings, water repellents, APFS
waxes, polishers CF8 4and up to 8 DT
reduction of 15 mNm for CF 8
Chem Guard (US) Firefighting foams; Lodyne Telomerization FS, 4,
electroplating ,paints, coatings, CAF,C&F,ST 19 mNm

wax, stain guard and adhesives
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. , ) Mostly polymers No ST
Omnova Solutions (US)  coatings, wax, wax emulsions, Polyfox it
reduction

. . CF 6 flurotelomer process
. Fire suppressants; coatings,
Dynex Corporation (US) ) . o Dynax DX
paints, adhesives, printing inks .
ST reduction not reported

) ) Hydrocarbon Foamers and ST
Innovative Chemical

] reducers, coatings waxes, Flexiwet No information available
Technologies- ICT (US)

electroplating /metal finishing

AOC Seimi Chemical Inks, coatings , floor waxes , fire
L . Surflon 6 and < C'F
Co (Japan) extinguishing, electroplating

Shortest chain FS claimed
Merck KGaA (Germany)

T Adheisves, coatings Trivida fastest dynamic ST reduction

20 mNm

Currently available commercial analytical techniques in detecting and characterizing PFAS are very limited.
PFAS detection is currently done using high resolution liquid chromatography with mass spectroscopy
(LC/MS/MS). However, LC/MS/MS is unable to identify most PFAS compounds and their byproducts generated
after remediation. To overcome these limitations there are other advanced analytical techniques that are currently
being developed (e.g., total oxidizable precursor (TOP) assays, particle-induced gamma-ray emission (PIGE)
spectroscopy, adsorbable organic fluorine (AOF) paired with combustion ion chromatography (CIC), and high-
resolution mass spectrometry techniques such as quadrupole time-of-flight (QTOF)). Those emerging analytical
methods still remain at the research and development stage and are not commercially available [B1132][331[34](35][36]
[37][38]
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