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Sustainability spotlight

The persistence of PFAS in the environment and their bioaccumulation in humans has
prompted their regulation, improved detection and analysis, remediation and destruction, as
well as their replacement by safer alternatives. The tutorial review has highlighted areas where
chemists and collaborators can help to manage problems associated with PFAS. Specifically,
in alignment with the UN sustainability goals, remediation of PFAS from water (Goal 6, clean
water and sanitation), finding safe alternatives to replace PFAS in consumer products (Goal 3,
good health and well-being) and regulators limiting the manufacture and use of PFAS which
in turn, lowers the concentrations we are exposed to (Goal 12, responsible consumption and
production).
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Addressing the Persistence of Per- and Poly-fluoroalkyl substances
(PFAS): Current Challenges and Potential Solutions
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DOI: 10.1039/x0xx00000 The combined stability, mobility, and bioaccumulation of per- and poly-fluoroalkyl substances (PFAS) has prompted a global

environmental crisis. PFAS have unique properties owing to their strong, hydrophobic C-F bonds, which result in their
resistance to water, oil, chemicals, and heat. Applications of PFAS include their use as water-, grease-, and fire-proof
coatings, emulsifiers, and surfactants, spanning most manufacturing sectors. The continued regulation of specific PFAS
provides significant research opportunities for chemists and their collaborators across environmental, social, engineering,
and materials sciences. Solutions in the areas of detection and analysis, immobilisation and destruction, and the creation of
viable and safe alternatives are urgently needed. In this tutorial review, PFAS and their associated challenges are described,
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followed by a summary of existing solutions and future research opportunities.

1. Overview of PFAS

1.1. Background and synthesis

The specific definition of per- and polyfluoroalkyl substances
(PFAS) has evolved over time from “highly fluorinated
substances” to a more concise definition that reflects the
chemical structure of the compound.? Accordingly, PFAS are
organofluorine compounds that contain at least one CF; or CF,
moiety in their structure (red, Figure 1).2 3 Many of these
substances are amphiphilic in nature as they also contain a
hydrophilic head (blue, Figure 1a). They have important
applications in everyday products such as non-stick protective
coatings, carpets, clothing, lubricants and as fire suppressors in
aqueous film-forming foams (AFFFs).* PFAS are characterised by
strong C-F bonds and thermal and chemical stability, making
PFAS resistant to environmental degradation.> Their inertness
can be explained by the electronegative fluorine atoms
clustering around the carbon atom, shielding the atoms from
chemical reactions. As a result of their widespread use,
environmental persistence, high mobility, bioaccumulation, and
toxicity, PFAS are now regarded as high-risk environmental
chemicals,® 7 and are widely referred to as “forever chemicals.”

The accidental discovery of poly(tetrafluoroethylene) (PTFE)
([CF;]n, n = length of polymer chain; Figure 1b) on April 6, 1938,
at DuPont by Roy J. Plunkett was the first ever PFAS produced.®
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At DuPont, tetrafluoroethylene (C,F;), made by zinc
dichlorination of CIF,CCF,Cl, was stored in cylinders where it
polymerised slowly over time to form a white solid, PTFE. After
controlled polymerisation and polymer fabrication techniques,
DuPont commercialised PTFE under the trade name Teflon® in

1948.8

PFAS are synthesised through two main processes: free radical
electrochemical fluorination (ECF, also known as Simons
Electrochemical  Fluorination)® and
(Scheme 1).3 In the ECF process, an organic compound (e.g.,
sulfonyl halide, C,H,SO,X, X = F or CI,1° Scheme 1a) is dissolved
in anhydrous HF for fluorination at the anode, usually nickel. As
all of the C-H bonds are replaced with C-F bonds and the C-C
multiple bonds are saturated with F atoms, the resulting acid,
H*, is concomitantly reduced to hydrogen gas at the cathode.?
11 ECF was a dominant synthetic process for PFAS until the
1990s and usually results in a mixture of linear (70%) and
branched (30%) PFAS.3 12 The yields of the products decrease
with an increase in chain-length.? Using ECF, 3M (formerly
known as Minnesota Mining and Manufacturing Company)
commercially synthesised perfluorooctanesulfonic acid
(PFOS)!3 from the perfluorooctanesulfonyl fluoride (POSF)
precursor, as well as perfluorooctanoic acid (PFOA),'* to be
widely applied in aqueous film forming foams (AFFF), treated
textiles, and cookware coatings.

fluorotelomerisation

A typical fluorotelomerisation process involves the reaction of
perfluoroethyl iodide (C,Fsl), the starting transfer agent or
talogen,> 2 with the unsaturated tetrafluoroethylene (C,F,)
(taxogen) to yield a mixture of even-numbered carbon linear
perfluoroalkyl iodides (Scheme 1b, Telomer A). Telomer A is
then reacted with ethylene (C,H,) to form fluorotelomer iodide
(Scheme 1b, Telomer B). Telomer B further reacts with water or
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Telomer B and FTOHs are the basic raw materials used to The functional groups and the length of t efiluorocarbon c a2in
manufacture fluorotelomer-based surfactants (non-polymer)

s dictate the class and subclass of a specific PFAS (Figure 2).3
and polymer products. Polymeric PFAS have a longer chain backbone consisting of

a) Amphiphilic CO,H b) Polymeric several repeat units (i.e., >10). There are three subclasses of

= F polymeric PFAS: fluoropolymers, side-chain fluorinated

hydhrgggilic . % _T(';T polymers, and perfluoropolyethers (Figure 2). Non-polymeric
hydrophobic Tl PFAS typically contain a backbone with 2-10 fluorocarbon

MWMO R n=24,etc. repeat units and fall into either perfluoroalkyl (fully fluorinated
hydrophobic % = _/ carbon chain) or polyfluoroalkyl (partially fluorinated carbon

tail

chain) subclasses. Further classification is based on the different
hydrophilic head functional groups attached to the
fluorocarbon backbones, and most commonly are carboxylic
(CA), sulfonic (SA), and phosphonic acids (PA). Ultrashort chain
a) Electrochemical Fluorination PFAS are classified based on the number of units (i.e., 1-3).16. 17
Typical examples are perfluoroethane sulfonate (PFEtS, Et =
ethyl = 2 units, CF3CF,S05"), and perfluoropropanoic acid (PFPrA,

n=1,2, 3,4, etc.
Figure 1. Generic structure of a) amphiphilic (non-polymeric), and b) polymeric PFAS

Anode: C,H,SO,F + y HF —= C,F,SOsF + 2y H*+ 2y e

Cathode: 2y H" + 2ye” —> yH, Pr = propyl = 3 units, note that in the case of CAs the C in the
Overall: C,H,SO,F + y HF —= C,F,SO,F + yH, COOH head group counts as 1 unit, CF;CF,CO,H). By contrast,
X, y=2,3,4, etc. short-chain PFAS typically contain 4-6 perfluorocarbon units,8
b) Fluorotelomerisation and long-chain PFAS contain 2 6 or 7 perfluorocarbon units.*®
CoFsl + zCoFs — CozoFyzsl While many PFAS are open-chain molecules (linear, straight or
Telomer A branched), cyclic PFAS also exist. Examples include
Telomer A + CoHy —= C,,,5F4545CoHal perfluoromethylcyclohexane sulfonate (PFMeCHS,
Telomer B CF3C([CF];)sSOsH) and perfluoroethylcyclohexane sulfonate

Telomer B + HO"  —> Cy,49F 4,45C,H4OH (PFEtCHS, CF3CF,C([CF],)sSO3H).20 21

z=1,2,3, etc. ) FTOHs

Scheme 1. Synthetic routes to PFAS

— Perfluoroalkyl carboxylic acids (PFCA)
C,1F;,.1COOH
(e.g., PFBA, PFHpA, PFOA)

—* Perfluoroalkyl sulfonic acids (PFSA)
CnFZnHSOSH
(e.g., PFBS, PFHxS, PFOS)
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» Perfluoroalkyl ——
acids (PFAA) — Perfluoroalkyl phosphonicacids (PFPA)

CoF2011POsH,

(e.g., PFBPA, PFHxPA)

— Non-polymers —|
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Perfluoroalkyl phosphinic acids (PFPiA)

CnFZMJPOZHCmFZmil
(e.g., CA/CA PFPIA, CB/C8 PFPIA)

— Per- and polyfluoroalkyl ether-based
) substances (PFECA and PFESA)
—— Other potential PFAS

PF‘ \s (e.g., perfluorinated alkanes, CaF2ne10CnFomaR
(e.g., ADONA, GenX)
(C.F2ne1R) hydrofluoro compounds)

Fluorotelomers

L—— PFAA precursors CoFaninGHaR
(e.g., 6:2 FTOH, 8:2 diPAP, 6:2 FTAB)
—+ Side-chain fluorinated Perfluoroalkane sulfonyl fluorides (PASF)
polymers CiFyni1S05R

(e.g., urethane) (e.g., MeFOSA, EtFOSE)

L—» Polymers

(potential precursors) —+ Fluoropolymers (FP) CA, R = CO,H; SA, R =SO;H; PA, R = PO;H,;

(e.g., PTFE, PVDF) Me = methyl (n = 1); Et = ethyl (n=2); Pr = propyl (n = 3);

B = butyl (n = 4); Pe = pentyl (n = 5); Hx = hexyl (n = 6);

____, Perfluoropolyethers (PFPE) | Hp=heptyl (n=7); 0 =octyl (n=8);m=1,2,3,4,5..
HOCH,0[C,F,,,0],CH,0H

Figure 2. A summary of PFAS classes and subclasses. Adapted with permission from Z. Wang, J. C. DeWitt, C. P. Higgins and I. T. Cousins, Environ. Sci. Technol., 2017, 51, 2508-2518.
Copyright 2017 American Chemical Society.??
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1.3. Uses

PFAS possess important physical and chemical properties
desired by chemical manufacturing industries, such as high
thermal and chemical stability. The strong C-F bonds in PFAS
(e.g., 485 kJ/mol c.f. 346 ki/mol for C-C) requires temperatures
>1000°C to degrade and help to impart these features.® 23 Their
complementary hydrophobic and hydrophilic structure (red tail
and blue head, Figure 1) is ideal for generating surfactants, and
their hydrophobicity and lipophobicity are useful in water-

Table 1. Selected examples of uses of PFAS in different sectors and potential alternatives

View Article Online
DOI: 10.1039/D4SU00152D

proof?* and grease-proof?> coatings. Hence, PFAS are used in
numerous sectors for the manufacture of everyday items (Table
1). Recent regulations (see section 2.0), have prompted the
development of safer alternatives for both essential (e.g.,
selected medical applications, occupational clothing, Nafion™
membranes) and non-essential (e.g., food packaging, personal
care products) uses of PFAS (Table 1 and ensuing discussion in
section 5.0).26: 27

Page 4 of 22

repellent
e thermally and chemically
stable

durable outdoor clothing
e coatings for carpets and
furniture

Sector Desirable Properties Uses Potential Alternatives
Food?8 29 e grease/oil-repellent e fast-food, food, and e physical: cellulose based, clay,
e thermally stable microwavable wrappers, bamboo, wheat straw, aluminium
containers, trays, and bowls e chemical: silicones, synthetic
e coatings for non-stick cookware biopolymers, bio-waxes
e supercritical fluids used in
ceramic powders
Textiles30 e water/oil/stain- e occupational protective and e silicones, hydrocarbon-based,

dendrimer chemistry, inorganic
nanoparticles

Personal care
products3? 32

o film forming
e stabilising
e surfactant
e emulsifier

e sunscreen
e hair, face, and body products

e silicones, synthetic waxes, bio-based
oils, fats

Firefighting?’

e surfactant
o fire-suppressant

e Aqueous film-forming foams
(AFFFs)

e class B F3 foams: hydrocarbons,
detergents, siloxanes, proteins

Oil and gas
mining?28 33

e surfactant

enhance oil recovery

mine floating

well simulation additives
solution for hydrostatic blockage
tracers in geological
communication

e silicone/siloxane-based antifoaming
agents

e halogenated and radioactive tracers

e fluoropolymer material alternatives:
metal alloys, ceramic-based, epoxy-
based, nylon

Electronics?®

e wetting agents
e water/oil- repellent

e low-foaming noncorrosive
components in solders
e coating surfaces or casing

e silicone based materials, bio-based
polymers, fluorine-free coatings, glass-
reinforced composites

Agriculture?8

e surfactant

e pesticide products
e coatings in fertilisers

e non-fluorinated surfactants

Metal plating
and finishing
processes3*

e surfactant

e fume suppressant

e corrosion inhibitor

e wetting agents
eimproved bath stability

e electro plating and electroless
plating

e metal treatment (cleaning,
etching, etc.)

e non-fluorinated surfactants and fume
suppressants
e mechanical controls

1.4. Environmental concerns

1.4.1. Sources

Historically, industrial and manufacturing processes have been
the major sources of PFAS in the environment. 3M and DuPont
are two notable companies involved in the commercial
manufacturing of PFAS since 1947. From 1970 to 2002, an
estimated 96 thousand tonnes of POSF (a precursor for PFOS)
was manufactured and used in commercial consumer products

This journal is © The Royal Society of Chemistry 20xx

globally.’® From this, an estimated 450-2700 tonnes of PFOS
were emitted into the environment.!3 Similarly, the estimated
total global production of perfluorocarboxylates (PFCA,
including trifluoroacetic acid and PFOA), ammonium
perfluorooctanoate and ammonium perfluorononanoate was
4400-8000 tonnes between 1951 to 2004, with an estimated
470-900 tonnes of PFCA emitted into the environment during
the same period.*

J. Name., 2013, 00, 1-3 | 3
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One of the most significant contributors to PFAS in the
environment is from fire-suppressants in the form of aqueous
film-forming foams (AFFFs).3> 36 |t is estimated that the US
military was the source of more than 70% of AFFFs used in the
US. This resulted in the release of elevated concentrations of
PFAS into the environment through AFFFs, mainly on military
bases, at training sites, or at municipal airports.3® PFAS are
mobile in the environment and are transported away from
these sites contaminating soil, groundwater and surface water
resources.

Wastewater treatment plant (WWTP) effluent is another
significant contributor of PFAS in the environment due to PFAS-
containing product usage, industrial discharge, and their
incomplete removal during water treatment. In fact, recent
studies have revealed an increase in PFAS concentrations in the
liquid phase after secondary treatment, as PFAS precursors can
biotransform to form PFAS. Additionally, due to their
hydrophobicity, a significant portion of PFAS partitions to the
solid phase in WWTPs.3” Indeed, reports have indicated that
PFAS are present at detectable levels in biosolids used in
agricultural soils in Australia.3® Plants and crops grown on
biosolid-applied soils uptake PFAS and could serve as a
significant exposure route of PFAS to humans and animals.3®
Apart from the use of biosolids in agricultural soils, it used to be
common practice to bury PFAS-contaminated products in
landfills, which directly results in contamination of groundwater
sources through leachate,*?%? and the pollution of air around
landfills through landfill off-gassing.**

In addition to AFFFs and WWTP effluent, incineration of
materials containing PFAS is another major contributor of PFAS
in the environment. As of one of the main destruction methods
of PFAS, incineration requires high temperatures (> 1000°C) to
achieve chemical breakdown.3> 43 Specifically, incineration
temperatures of up to 1200°C are required to destroy waste
containing PFOS, while over 1000°C is required to breakdown
PFAS adsorbed on spent activated carbon, and ca. 1100°C is
required to destroy PFAS in the gas-phase.** According to the
US-EPA, CF4, which is the most difficult fluorinated organic
compound to decompose, requires temperatures over
1400°C.*> Despite this energy intensive process, incomplete
destruction can occur, leaving small molecule PFAS and
fluorine-containing by-products in the vicinity of the
incineration facilities. A study of the concentration and
distribution of PFAS in surface water and soil samples around a
PFAS incinerator facility in the US found significant measurable
amounts of PFOS (up to 8.3 pg/kg), PFOA (up to 1.3 ug/kg) and
hexafluoropropylene oxide (GenX) (up to 1.5 pg/kg) in soil
samples and up to 19 ng/L and 11 ng/L of PFOS and PFOA,
respectively, in surface water.*® Moreover, in southern China, a
study of three municipal solid waste incineration plants found a
high concentration of PFAS (up to 0.7 pug/mL) in leachate, with
variability attributed to the type of waste.*”

4| J. Name., 2012, 00, 1-3
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1.4.2. Mobility View Article Online
Anthropogenic activities have allowed the%el@d8e P HREAD it
the environment and their infiltration into the food web.*é PFAS
have been detected thousands of kilometres away from where
they are created or used: from the top of Mt. Everest*® to the
high Arctic Svalbard ice core® and in wildlife globally.*® 51 The
water cycle is a major way to move PFAS from one region to
another.

PFAS in the atmosphere originate from the industrial stack and
fugitive emissions from manufacturers and allow distribution
far away from their direct sources.>? For example, a study on the
non-targeted screening of PFAS in China found at least 34
emerging PFAS in airborne particulate matter.>® Since
precipitation (rainfall or snowfall) is an effective scavenger of
gas-phase and particle-bound pollutants from the atmosphere,
atmospheric PFAS are deposited on soil, surface water, and
vegetation.>> >* Moreover, melting glaciers serve as secondary
sources of PFAS for the receiving lakes where PFAS are
accumulated in lake sediments.>* More importantly, emerging
evidence suggests PFAS accumulate at the air-water interface
(AWI1), through an interaction of the hydrophilic head with the
surface of the water and the hydrophobic tail with the air. As
sea spray aerosols (SSA) form from wind and waves, the
aerosols become enriched with a surface microlayer containing
PFAS.55 56 This is problematic as PFAS concentrations have been
reported to be >100 000 times higher in SSA when compared
with seawater®” and are stable, mobile, long-term sources of
PFAS.58

1.4.3. Persistence, bioaccumulation, and toxicity

The presence of multiple C-F bonds on geminal carbons in PFAS
provides additional strength to their structures.>® Hence, PFAS
can resist adverse environmental conditions, including high
temperatures. In addition, fluorine has a strong electron-
withdrawing effect, which results in the formation of strong and
very difficult to break C-F bonds in PFAS.>® As a result, PFAS are
persistent in the environment.

PFAS concentration, the length of the C-F chain, the presence of
specific functional groups, the biotransformation of PFAS
precursors, and the presence of organic matter are some of the
factors that can affect the accumulation of PFAS in an
organism.®® Analysis of the bioaccumulation factors (BAFs) for
27 genera of agricultural crops from 24 studies revealed that 45
PFAS accumulated less in reproductive and storage organs than
in vegetative organs (e.g., leaves, shoot buds, root, and stem).6?
This is likely because the vegetative organs are mainly
responsible for the transport of plant nutrients, thereby
accumulating PFAS in the process. A study of bioaccumulation
of PFAS by benthic macroinvertebrates (worms, snails, and
mussels) found that BAFs in worms (412.84 L/kg) were higher
than in snails (8.08 L/kg) and mussels (27.12 L/kg).6? In a human
study of autopsy tissues, perfluorobutanoic acid was found to
have accumulated in lung tissues (median value: 807 ng/g) and
in  kidneys (median value: 263 ng/g). Similarly,
perfluorohexanoic acid was found to have accumulated in the

This journal is © The Royal Society of Chemistry 20xx
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liver tissues (median value: 68.3 ng/g) and in the brain tissues
(median value: 141 ng/g). In addition, PFOA was found to have
accumulated in the bone (median value: 20.9 ng/g).%3 Other
reports have suggested that protein-PFAS interactions in
humans could be the major molecular mechanisms responsible
for the bioaccumulation of PFAS in specific human tissues. For
example, the liver-type-fatty acid binding proteins in the liver
and serum albumin have high binding affinity to PFAS, hence
their accumulation in these tissues.®*

Bioaccumulation of PFAS in human body tissues has been linked
to some adverse health conditions.®3 6> Toxicological studies in
animals (mice) have correlated high concentrations of PFAS to
endocrine disruption, delay in physical development, cancer
and neonatal mortality.6>67 A study in zebrafish (Danio rerio)
exposed to PFAS found abnormal ventroflexion of the tail and
failed swim bladder inflation.?® In humans, PFAS have been
reported to activate receptors associated with carcinogenesis,
e.g. peroxisome proliferator-activated receptors (PPARs), due
to their structural resemblance to fatty acids and can disrupt
lipid metabolism, resulting in dyslipidemia.®> ¢ The binding of
PFAS to PPAR has been linked to poor fetal growth and immune
function.®®

2.0 Policies, Management, and Regulation

The persistence of PFAS in the environment has prompted
government agencies to adopt international agreements that
aim to restrict the use of these chemicals (Stockholm
Convention on Persistent Organic Pollutants) and to issue
regulatory frameworks on the use of PFAS (Figure 3). For
example, in 2006 the US-EPA issued a PFOA stewardship
program aimed at a 95% reduction in emission of PFOA and
related chemicals by 2015, including a health advisory level of
70 ng/L for both PFOA and PFOS in 2016.7° In 2018, the US
Agency for Toxic Substances and Disease Registry issued
provisional daily oral minimal intake risk levels for PFAS as a
guideline for the public. Similar regulatory frameworks have
been issued in other countries.

This journal is © The Royal Society of Chemistry 20xx

The US-EPA has also provided guidelines for the remediation
and destruction of PFAS contaminatiof!'dRd0ONRE4FEERE
dramatically reduced the drinking water health advisory
levels.”* An enforceable drinking water maximum contaminant
level (MCL) of 4 ng/L for PFOS and PFOA was proposed by the
US-EPA in March 2023. Similarly, the US-EPA set a chronic oral
reference dose of 3 ng/kg daily limit for the PFOA replacement,
(GenX).3> In July 2022, the US House of Representatives passed
a bill to limit PFAS in wastewater discharge from organic
chemical manufacturers and mandated the manufacturers to
provide supply production, use, and other data to the EPA. The
law is expected to come into effect in 2024.72 The European
Union (EU) stated that it was necessary to introduce a “strategy
that addressed all PFAS through regulatory and non-regulatory
interventions”, at the latest by 2025 and to be in effect by 2030,
with the ultimate aim of phasing out PFAS at the EU-level.”3
Under the EU’s Persistent Organic Pollutants Regulation, PFOS
was restricted for use in the EU, according to European
Chemicals Agency (ECHA). In 2023, the ECHA also introduced a
proposal to restrict the use of around 10,000 PFAS in materials
with the aim of reducing PFAS emissions into the environment,
thereby making products and processes safer for people.’* In
addition, to ensure global elimination from products, PFOS, and
its derivatives were included in the international Stockholm
Convention in 2009, while PFOA and its derivatives were
banned in 2020. Similarly, perfluorohexane sulfonate (PFHxS),
which was a replacement for PFOS, has been included in the
Stockholm Convention, with a global ban expected to follow.”>

Regulations on PFAS are country and region dependent (Figure
3). For example, in 2014, Norway prohibited PFOA in solid and
liquid consumer products, including carpets and textiles and set
regulatory limits of 10 mg/kg PFOA in liquid mixtures, 1000
mg/kg PFOA in solid products and 1 pug/m? PFOA in textile
materials. Food contact materials including paper and
cardboard with any level of fluorine content were banned by
Denmark in 2020.76 While in the USA, the use of AFFF will be
prohibited by Oct 202477 and NZ is one of the first to ban the
use of PFAS in all cosmetics, from Dec 2026.78 These initiatives,
while location specific, are crucial to generate international
momentum towards further regulating PFAS in specific
applications as well as across sectors.”? 80

J. Name., 2013, 00, 1-3 | 5
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Figure 3. Examples of the evolving PFAS regulatory landscape. Adapted from C. Schiavone and C. Portesi, Applied Sciences, 2023, 13, 6696. Copyright 2023 MDPI.7®

3.0 Detection and Analysis

This articleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

Detecting and analysing PFAS presents formidable challenges.
Current analytical techniques have mainly centred on a limited
subset of PFAS, perfluoroalkyl acids (PFAAs).8® The complex
landscape of proprietary or mixed PFAS complicates the B e HEieknowns S LR oW c e
situation, as does the potential for a single PFAS parent to quantitative, no reference standards, no
generate a mixture of intermediate transformation products. standardised method
Targeted liquid chromatography coupled with high-resolution HRMS, TOPA, CIC, 1°F NMR, PIGE
mass spectrometry (LC-HRMS) or tandem mass spectrometry
(LC-MS/MS) captures many known PFAS, while non-targeted
HRMS identifies additional suspected or previously
uncharacterised PFAS (Figure 4).82 Surrogate techniques
through bulk organofluorine measurements, such as total SErechs delitied Eiown! afiaytes.
fluorine and total organic fluorine (TOF) analysis, provide quantitative, uses reference standards,
complementary information about the unidentified fraction of existence of analytical standards
PFAS in environmental samples.83 8 This multifaceted LC-HRMS, LC-MS/MS
approach,® while not without challenges, is essential for
unravelling the complex landscape of PFAS contamination,
identifying precursors, and ultimately contributing to informed
environmental management and health risk assessments.

Surrogate and Non-Targeted
Analysis

Open Access Article. Published on 14 8 2024. Downloaded on 2024-08-22 1:15:47.

Targeted Analysis

Figure 4. A generic summary of the analytical methods for PFAS detection and analysis.
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3.1. Targeted methods

Targeted analysis of PFAS screens analytes against a library of
known analytical standards, typically <50 PFAS. LC-HRMS or LC-
MS/MS are the most conventional, sensitive, and selective
techniques for analysing PFAS from environmental matrices due
to the presence of ionisable groups (e.g., COO- or SOs). Mass
spectrometry has an extremely low detection limit (in the ng/L);
however, it is cumbersome (usually requiring solid-phase
extraction processes), expensive (ca. $200-300 USD per
sample), time-consuming, and requires highly trained personnel
to operate, which prohibits using this method for routine
measurements.8>

As a result, complementary surrogate analytical methods aimed
at screening and identifying unknown PFAS through their
signature molecular masses (i.e., HRMS), or characteristic C-F
bonds (i.e., TOF), are developing.8¢ With all of these analyses in
hand, the list of PFAS and their transformation products
continues to increase. A database of PFAS according to US-EPA
has a list of over 12034 PFAS compounds (as of August 2021).87

3.2. Surrogate and non-targeted methods

In the realm of PFAS analysis, both surrogate techniques and
advanced analytical methods play pivotal roles. The Total
Oxidizable Precursor Assay (TOPA) selectively targets
compounds that can be oxidised to form specific PFAAs, offering
insights into PFAS precursor content by comparing PFAA
concentrations before and after oxidation.®® Total fluorine
analysis, achieved through techniques like combustion ion
chromatography (CIC), quantifies the overall fluorine content in
a sample, including both organic and inorganic fluorine
species.®® Additionally, Fluorine-19 Nuclear Magnetic
Resonance Spectroscopy (*°F NMR) is a versatile tool for
characterising organofluorine compounds and quantifying
TOF,?% with a more recent adaptation focusing on the selective
measurement of PFAS-related compounds through chemical
shift monitoring.”® Meanwhile, Particle-induced Gamma Ray
Emission (PIGE) spectroscopy provides a unique surface analysis
technique for elemental fluorine quantification through proton
bombardment and gamma-ray emission.?%: 92 Other methods
include, inductively coupled plasma/mass spectrometry (ICP-
MS/MS), used to detect fluorine in unknown organofluorine
compounds,®®> and surface-enhanced Raman spectroscopy
(SERS), a sensitive technique able to identify the unique
molecular signatures in PFAS after interacting with a substrate
(e.g., Au nanoparticles).?*

It is no surprise that the number of analytical methods to detect
and analyse PFAS in environmental samples, such as drinking
water, soils, sediments, biota, and biosolids is expanding.
Importantly, this includes adapting existing technologies or
developing new technologies towards field deployable sensing
to allow for real-time on-site monitoring of PFAS.

This journal is © The Royal Society of Chemistry 20xx
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A cheap, compact, and effective way to detect low levels of
PFAS in the field is desirable. Despite its cost, mass
spectrometry is an attractive method of on-site PFAS detection.
lodide time-of-flight chemical ionization mass spectrometry
(iodide-ToF-CIMS), in particular, has shown promise for the
more challenging to detect gas and aerosol phase PFAS in
indoor air,’®> or atmosphere in a semi-continuous online
fashion.%® 97 A significant benefit of this technique is that it
avoids the need to perform the aforementioned cumbersome
solid-phase extraction processes.

In addition to investigating portable solutions for
instrumentation,®® sensors are being developed for rapid PFAS
identification, typically using optical or electrochemical
detectors despite the fact that PFAS are not optically or
electrochemically active.8> %°

Colourimetric strategies use nanoparticles, which show a
change in surface properties!®-102 or redox dyes, which change
intensity103 104 ypon interacting with PFAS. Sensors based on
fluorescence or luminescence use fluorescent dyes with
molecularly imprinted polymers (MIPs) containing pockets
designed to capture specific PFAS, appended to
nanoparticles9>-1%8 or luminescent metal-organic frameworks
(MOFs) containing a chromophore ligand.1®® When PFAS, in
concentrations as low as ug/L, enter the -cavities, the
fluorescence or luminescence is quenched or modified.

Electrochemical methods use redox probes, such as ferrocene
carboxylic acids, which see a change in electron transfer
resistance when PFAS molecules enter the cavities of MIPs, such
as poly(o-phenylenediamine).110-114 A recent report of a sensor
operating via PFAS interrupted energy transfer between
fluorinated poly(p-phenylene ethynylene) and a fluorinated
squaraine dye demonstrated PFAS detection in water with
concentrations in the pg/L range.'’ Detection by
electrochemiluminescence, through
electrochemically imprinting ultra-thin graphitic carbon nitride
nanosheets, generated a sensitive sensor selective for PFOA.116
It has been shown that switching to an impedimetric detection
method by employing nanoporous MOF geometry with
interdigitated microelectrodes  dramatically  increased
sensitivity with detection in the ng/L
Photochemical sensors, comprised of BiOl nanoflake arrays on
screen-printed electrodes containing grafted MIP in the form of
a disposable sensing strip, have been developed to analyse pg/L
concentrations of PFOSF in real water samples.118

achieved

limits range.''’

In another study, researchers have leveraged the amphiphilic
properties of PFAS to develop a water-based sensor capable of
measuring surface and interfacial tensions. The tensions exhibit
an increase in emission intensity, based on the differential
behaviour at the interfaces of complex droplets, when PFAS
surfactants in mg/L concentrations are present.11?
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Despite being very promising, these techniques for detecting
and analysing PFAS require more validation to demonstrate
their applicability to real samples with low concentrations and
matrix effects.

3.4 Opportunities for contributions from chemists

In order to address the current limitations in effectively
detecting and analysing PFAS, and to remain current with the
decreasing allowable concentrations of PFAS, particularly in
drinking water, analytical instrumentation will continue to
become smaller, cheaper, and more effective over time. As this
occurs, there are significant opportunities for chemists to
contribute to the improved detection (lower limits) and analysis
of PFAS (managing the increasing library of PFAS and their
derivatives). Examples of these include:

1. Increased understanding of PFAS exposure sources,
including consideration of potential contamination
from sampling, use of laboratory consumables, and
instrumentation parts!?°

2. Development of the lab-scale PFAS detection methods
into practical commercial-scale real-time on-site PFAS
monitoring in all media with very low detection limits
(from mg/L to pg/L to ng/L)

3. Improved analysis of environmentally induced PFAS
by-products alongside an increased understanding of
their thermal, oxidative, mechanical, and biological
degradation mechanisms

4.0 Separation and Destruction Technologies

The major sites for PFAS point source contamination are PFAS
manufacturing plants, consumer product manufacturing plants,
firefighting foam discharge locations (e.g., military training
areas), large-scale cleaning facilities, wastewater treatment
facilities, waste disposal facilities, and landfills.12* All of these
result in the widespread deposition of PFAS in our soils and in
our waterways, enabling them to enter the food chain.

Current methods used commercially to remediate PFAS include
sorptive removal from aqueous solution, burying waste in lined
landfills (with or without stabilisation), or incineration for
contaminated spent sorbents, soils, and products.!??
Unfortunately, all these techniques have important limitations
and they rarely apply across all PFAS. For instance, incineration
suffers from high energy consumption, products of incomplete
combustion, and cannot be used for liquid samples.123-126 The
destruction of PFAS is complicated by the strength of the C-F
bond (which increases with an increase in number of fluorine
bonds on C), the different types (i.e., variety of tail lengths, head
groups) and concentrations, as well as where they exist in the
environment (i.e., waters, solids, air).127,128

This presents an opportunity to develop more cost-effective,

selective, and efficient technologies. Ideally, a treatment train
or tandem approach to managing PFAS in the environment can

8| J. Name., 2012, 00, 1-3
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be employed to achieve both their separation fram,camplex
media and their complete destrdetibA? 10THE4SHEiPad
characteristics of an effective technology for managing PFAS
include its ability to remove different types of PFAS, including
long-chain, (ultra) short-chain, and more complex derivatives,
and stage of development (maturity) as well as practicality
across different media (e.g. water, solids) (Table 2). From this
summary, it is clear that there is significant room for
improvement (yellow and red) across all technologies.

4.1 Separation technologies

Separation of PFAS, from aqueous solution by immobilisation,
or soil and sediments by mobilisation, involves the use of
natural (e.g., clay, plants),12> 130 semi-natural (e.g., activated
carbon)131133 or synthetic (e.g., imprinted polymer)34 135
materials as sorbents or resins. These technologies rely on
either adsorption, or absorption.

4.1.1. lon exchange and adsorption

lon exchange is a reversible separation process in which
similarly charged ions in the liquid phase (e.g., PFAS) are
exchanged between an immobile solid phase, resulting in no
significant change to the solid phase 136138139, 140 Thjg
interaction has been verified by varying the pH of the PFAS
solution or by observing the release of charged equivalent ions
from the solid phase, such as chloride ions.1#® During the ion
exchange process for the removal of PFAS, the positively (or
negatively) charged ion exchange site is attracted to the
negatively (or positively) charged functional group(s) of the
PFAS. Simultaneously, the hydrophobic backbone on the resin
attracts the hydrophobic C-F tail of the PFAS.13° Anion exchange
resins (e.g., Dowex) are the most widely used ion exchange
resins!41-146 pecause of the abundance of anionic PFAS. lonic
exchange resins capable of removing cationic and zwitterionic
PFAS36 147 gre also increasingly reported.1#® 14 |on exchange is
a cost-effective and efficient way to remove PFAS from water;
however, this technology has been shown to be much less
effective for short or ultra-short chain PFAS as well as complex
matrices. It is most useful in the treatment of drinking water in
a final ‘polishing’ step.

Adsorption is a reversible process whereby adsorbate
molecules are transferred from a fluid bulk phase and stick to a
solid surface phase.*3 150 Adsorption of PFAS onto solid surfaces
has been explored in literature as one of the effective methods
of PFAS removal from contaminated media because of their
easy design, and simple operation.1%!
Popular adsorbent materials include granular activated carbon,
biochar, aminated rice husk, clay, molecular imprinted polymer,
and zeolite. Granular activated carbon, clay, and biochar
materials were used in situ to immobilise short and long-chain
PFAS in contaminated artificial soil samples.’33 One study
reported that the addition of granular activated carbon to
contaminated soils reduced leachability through chemical
stabilisation between 55.8-99.9%. In addition, the leachability
was further reduced to 87.1-99.9% by binding with cement.

cost-effectiveness

This journal is © The Royal Society of Chemistry 20xx
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Foam fractionation is an adsorptive separation technique that
functions without the use of solid adsorbents.'>? The use of the
foam fractionation method in PFAS remediation is based on the
surface-active properties of PFAS which facilitates the
separation of PFAS from contaminated liquid samples by
extraction using rising foam. The foam is collected and collapsed
(known as foamate) to give a low-volume residual liquid waste
stream.>3 In a typical setup for foam fractionation, gas bubbles
are introduced into a liquid containing surface-active
substances, where the surface-active substances attach to the
gas-liquid interface of the bubbles to form foam. The foam is
stabilised by decreasing the surface tension of the gas-liquid
interface, thereby enabling the formed bubbles to create an
emerging foam column above the liquid level. The foam column
is collected and then collapsed mechanically or by reduced
pressure.’>* Foam fractionation can be operated by batch or
continuous modes.’>* Buckley et al.»>> explored foam
fractionation to remove long-chain PFAS from contaminated
water. The study found 10-90% removal efficiency for the
PFHxS, PFOA, and PFOS studied. However, the method was
unable to remove short-chain PFAS.

4.1.2. Membrane Filtration

Removal of PFAS from contaminated aqueous streams using
membrane filtration has been widely studied.>®158 Filtration
can be electrical, pressure, or temperature gradient-driven, and
involve the selective removal of solutes from the solvent using
a semipermeable or porous membrane.'>® Nanofiltration and
reverse osmosis are two high-pressure membrane filtration
processes that have been widely studied for removal of PFAS
from wastewater at bench and pilot scales.’® In specific

examples, a 2D material MXene-polyanideg,, sthinfilm
nanocomposite hollow fibre made of MXehéOAaAYSHEEED RS
used in a bench study for nanofiltration of PFOS from water.160
Mxene are transition metal carbides, carbonitrides or nitrides
represented as M ;1 X, Ty, (M =Ti, V, Cr, etc.; X=C, N, T,=0O, F,
Cl, H, n = 1-3).16% 162 The results found up to 96% removal of
PFOS from the contaminated water compared to 72% removal
for thin-film composite material without Mxene nanosheets.16°
In a reverse osmosis study,®® three commercial aromatic
polyamide membranes were used to remove perfluorohexanoic
acid (PFHxA) from contaminated wastewater. It was found that
two of the three studied membranes achieved removal
efficiency of 99%, while one of the membranes attained suitable
water permeability.

4.1.3. Phytoremediation

Another technology, useful in mobilising contaminants in soil,
air, and water is phytoremediation.'%* In phytoremediation (as
the name implies phyto- = of a plant; relating to plants), living
plants uptake PFAS in situ from contaminated sites.'®* Studies
have shown that phytoremediation is a good candidate for
removing PFAS from contaminated media, although it is a slow
process.165-168

In a study using three native Australian plant species, the study
suggested that the plants have potential to reduce PFAS
concentration in stormwater, with mean overall percentage
removal efficiency of about 53%.1%° In general, the report found
that less PFOA than PFOS accumulated in the roots, while more
PFOA than PFOS accumulated in the shoots.

Table 2. A summary of the performance of common and emerging separation and destruction methods for PFAS (classified into Acceptable technologies, methods showing Some

Promise and methods that are considered Unacceptable or for which the feasibility is Unknown)

Methods Media

Efficiency Efficiency Maturity Practicality
for Long- for (Ultra)
Chain PFAS | Short-Chain
PFAS

Separation

lon Exchange Resins!36-138,139, 140

Liquids (water)

Adsorption by AC!33.151

Liquids (water)

Adsorption by Polymers!23.124

Liquids (water)

Filtration156-158,159

Liquids (water)

Foam Fractionation?%>

Liquids, leachate (water)

Phytoremediation'6>-168

Liquids and Solids

Destruction

Incineration22

Solids (soil, resin)

Electrochemical Oxidation70-172

Liquids (water)

Photochemical Oxidation!73

Liquids (water)

Sonolysis74

Liquid (water)

Supercritical Water Oxidation17>

Liquids (water)

Advanced Reductive Processes!’®

Liquids (water)

Hydrothermal Alkaline Treatment!77-17°

Liquids (water)

Mechanochemical Degradation!80-167

Solids (soil, sludge)

Bioremediation181, 182,183, 184,185,186

Liquids, soil, sediment

Non-Thermal Plasmal87. 188

Liquids (water)

Smouldering!8%-191

Solids (soil, sludge)

This journal is © The Royal Society of Chemistry 20xx
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4.2. Destruction technologies

While incineration is industrially viable and widely used to
degrade PFAS on solids, it results in the formation of toxic HF
gas and other gaseous fluorocarbons.t 43 180 |n addition,
incineration requires high temperatures (> 1000°C), enough to
break the hydrophobic C-F bonds in PFAS, and is an energy
intensive process.?> 43 To this end, the US-EPA challenged
researchers to discover new technologies that can remove
>99% PFAS in unused AFFF with less harmful by-products than
incineration.'®? Several PFAS destruction technologies have
since emerged (Table 2).

4.2.1. Oxidative processes

The promising processes include,
electrochemical, photochemical, and sonochemical oxidation.
Reactive free radical oxidising agents such as hydroxyl and
chlorine radicals (HO® and CI*) are used to break down the
strong C-F bonds of PFAS, degrading them into harmless by-
products.?*

most oxidative

In an electrochemical oxidation process, a potential difference
or an electric current is applied between an anode and a
cathode to generate reactive oxidising radicals at the electrode
surface, which are used to degrade pollutants.’?
Electrochemical oxidation processes can occur through direct
and indirect oxidation mechanisms. In the indirect oxidation
mechanism, reactive oxidising radicals are electrochemically
generated in situ at the electrode, which are used to degrade
PFAS. However, in the direct oxidation mechanism, PFAS are
degraded at the anode through a direct electron transfer
reaction between the PFAS and the anode surface.170-172

During photochemical oxidation reactions, PFAS are degraded
as a result of their interactions with excited state oxidising
species (e.g., HO®, COs*, H*) in the presence of light.193. 194
Efficient photodegradation of PFAS can occur at UV light
wavelengths <220 nm (in the vacuum UV range). However, at
longer wavelengths (>220 nm), PFAS does not absorb UV
light,194 thereby direct photodegradation of PFAS becomes
ineffective.1% Liu et al. reported 93-100% total defluorination of
perfluorinated and fluorotelomer carboxylates and sulfonates
through integrated redox photochemical processes!”3 as well as
near complete defluorination and mineralisation of most PFAS
in AFFF.1% The oxidation process was through hydroxyl radical
treatment, while the reduction process was through UV-sulfite
treatment.

In sonochemistry, ultrasound radiation in the range of 20-1000
kHz is applied to molecules to achieve chemical reactions

RSC Sustainability

View Article Online
DOI: 10.1039/D4SU00152D

through a physical phenomenon called acoustic cavitation. This
process creates localised spots for chemical reactions, which
can reach pressures and temperatures of 500 atm and 5000 K,
respectively.1®” Reactive radical species such as HO* and CI* can
be generated in the hot spots (e.g., from the decomposition of
H,O to yield HO® and H®)¥®% 197 and are able to degrade
pollutants, including PFAS. Sonochemical reactions can occur as
quickly as a fraction of a second.?8 A study of low frequency (20
kHz) sonochemical degradation of PFOS and PFOA in water
showed >90% degradation efficiency at 20°C under acidic
conditions.174

Supercritical water oxidation is regarded as an advancement in
wet air oxidation,'®® and is postulated to mineralise organic
waste samples.2%° This method, based on chemical oxidation in
supercritical H,O (>374°C and 22.11 Mpa) uses H,0,, air, or O,
as the oxidising agent.?°! In a typical supercritical water
oxidation process, H,0 and CO, are formed from the oxidation
of organic compounds, while heteroatoms such as F, S, P and Cl
react to form HF, H,SO,4, H3PO, and HCI, respectively.l®® The
supercritical water oxidation technology was applied to
successfully achieve 99.99% destruction of PFAS in aqueous
matrices, and its efficiency was not hampered by co-
contaminants such as volatile organic compounds and
petroleum hydrocarbons.7>

4.2.2. Reductive processes

In contrast to advanced oxidation processes (AOPs) which use
highly reactive species such as HO® and SO,*-, advanced
reductive processes (ARP) typically employ hydrated electrons
(€aq),?°2 hydrogen atoms (H*) and other species (e.g., SO;*~ and
SO,°*~ depending on activation method and solute) to cleave the
resistant C-F bonds for PFAS degradation.?93 The degradation of
PFAS is dependent on the type of reductive species and the
chemical structure of PFAS.2%4 The concentration of highly
reactive and reductive e,y (E = -2.9 V) must be maximized in an
ARP treatment process to break the resistant C-F bonds.
Depending on the activation methods and chemical agents to
form reactive radicals, ARP systems can be of different types.
Parameters such as F index, overall defluorination ratio and
molecular defluorination ratio are used to quantify the extent
of defluorination.

The degradation of PFOA using photoionization in a UV/sulfite
system (254 nm) was found to be dependent on the pH of the
initial solution in generating e,,~ species. In acidic media, e,q are
quenched by reacting with H* thereby suppressing the
decomposition of PFOA in water while under alkaline conditions
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the H* and HO" react to regenerate the e, which enhances the
defluorination of PFOA (Scheme 2).205 Additionally, the
distribution of sulfite species (e.g., SO3> and HSO3") varies with
pH. Hydrogen sulfite, HSO3", dominates at pH values lower than
its pKa (ca. 7) and at pH 9.2 the concentration of sulfite, SO,
is at its maximum (99%) efficiently able to reduce PFOA. Sulfite
is more photoactive, hence able to generate more e,.-, as
compared to hydrogen sulfite due to its more significant
spectral overlap at wavelengths typical of UV irradiation
sources.?% Qverall, basic conditions are favored in UV/sulfite
system.

H" + sy — > H

H + HO —— H0 + ey

Scheme 2. pH dependence on the regeneration of e,q in UV/sulfite system

Typical degradation mechanisms include shortening of the
chain and H/F exchange. Also, degradation efficiency is affected
in the presence of anions which quench e,q". Production of e,q”
can be improved by coupling the ARP process with chemical
agents. For example, in high energy vacuum ultraviolet light
systems (VUV) at 185 nm, coupling with iron(lll) in acid aqueous
solution increased the defluorination rate for PFOA by the
formation of a complex between ferric ions and PFOA.2%7 It is
important to note that e,q can also be generated by other
sources to decompose PFAS, for example iodide,?%
ferrocyanide,?%? dithionite and indole derivatives?!? 211 and the
effect of pH depends on the specific system and reductive
species. Recently, electrochemical reductive treatment?!? has
also appeared as a feasible alternative due to ease of operation
and milder reaction conditions.

Though ARP has emerged as a promising option as oxidation
processes; more understanding of their degradation pathways
and mechanisms, types of materials/catalysts, effectiveness of
degradation, pH adjustment and implication of solution
chemistry is needed. For realistic applications, the influence of
effluent total dissolved solids (TDS) needs to be considered
because the formation of inert salt residuals, during ARP would
increase TDS levels which makes it impractical for drinking
water treatment or municipal wastewater reuse (but okay for
other PFAS contaminated water applications).'’® The
concentration of dissolved oxygen in water also needs to be
controlled, which is challenging for real-world scenarios.?%3

4.2.3. Other processes

Another PFAS destruction method developed recently that has
the potential to remediate PFAS is low-temperature
decarboxylation. The method, which reported up to nearly
100% defluorination of PFAS within 24 h, used a DMSO/NaOH
solvent mixture at 120°C.213 Although the method reported the
low-temperature mineralisation of PFAS using readily available
reagents and produced less toxic by-products, and could be
adapted for small-scale or lab-scale destruction, the
applicability of using large volume of DMSO for a pilot plant is a
major drawback.

This journal is © The Royal Society of Chemistry 20xx

Hydrothermal alkaline treatment thermochemically, degrades
pollutants by leveraging the alkaline propertiesGP/ih56UGAL AR
presence of NaOH) along with high pressures (2-22 Mpa) and
temperatures (170-350°C).2'% 215 Qriginally used in the
degradation of halogenated waste, HALT has been recently
applied to degrade PFAS, with more than 90% reported
efficiency.1’® 216 Proposed mechanisms for hydrothermal
alkaline treatment include the nucleophilic substitution of the
charged head (e.g., SO37),17° or of F-from the C-F tail of PFAS with
HO- from the alkaline solution to form a less thermodynamically
stable C-OH bond.'”® These unstable intermediates undergo
hydrolysis, decarboxylation or cleavage to release F as HF or
fluoride salts until the PFAS is completely degraded.77-17°

Mechanochemical degradation involving high-energy ball
milling has been shown to produce sufficient energy to achieve
the degradation of PFAS.?>? Although partial degradation of
halogenated compounds occurred in previous studies using this
technique,?!” the introduction of tribomaterials or co-milling
agents (e.g., CaO, NaOH, SiO,, KOH, La,03) has improved the
degradation efficiency significantly. The co-milling agents
generate triboplasma that emit high energy particles at the sites
where intramolecular bonds are broken,®2 217 thereby
facilitating the degradation of PFAS into safe inorganic salts
(e.g., KF, K,COs; and K,SO, R3SiF).180 Mechanochemical
degradation is able to mineralise halogenated pollutants, such
as PFAS, in short reaction times.?'® For example, MCD of 6:2
fluorotelomer sulfonate (6:2 FTS) with KOH reported nearly
100% mineralisation in less than 1 h.21® Furthermore, it is
possible for real-world samples of contaminated soil, to directly
undergo destruction using this method.?2°

Bioremediation is another potential way to degrade PFAS,
particularly with partially fluorinated substances.??! However,
as with other reductive dehalogenation routes, bacterial
defluorination depends heavily on the bacterial strain and,
generally does not completely degrade PFAS.181. 182 The
transformation products are typically shorter-chain derivatives.
The process is quite slow compared to other routes (e.g.
requires days).18% 184 Recent developments in this area have
shown significant improvements, for example, using a
biomimetic multifunctional lignocellulosic nano-framework to
concentrate the PFAS prior to fungal bioremediation yielding
shorter chain derivatives;8> and the use of a dual biocatalysed
microbial  electrosynthesis 91%
biodegradation of PFOA.186

system resulting in

Plasma is a state of matter with charged gaseous molecules able
to degrade PFAS. The ionization can be induced by adding
energy which leads to the formation of highly reactive species.
Depending on the energy of the electrons compared to the
temperature of the background gas, plasma can be categorized
as either thermal (same temperature) or non-thermal (NTP,
cold plasma, lower gas temperature).1?2 NTP is preferable due
to its lower energy. The effectiveness of the degradation of
PFAS by NTP can be correlated with the length of the
perfluorinated carbon backbone. Kavanagh et al. investigated
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the NTP degradation of various PFAS in aqueous solution and
observed a more effective degradation of long chain PFAS
compared to shorter PFBA and PFBS.'%7 This is due to lower
accumulation of hydrophilic SC-PFAS at the liquid-plasma
interface thereby limiting their degradation. To increase the
surface activity of SC-PFAS, Thagard et al. used a cationic
surfactant, hexadecyltrimethylammonium bromide (CTAB) to
destroy the recalcitrant PFBS in contaminated water.188 The
PFBS-CTAB complex increased the PFBS mass transport to the
interface via argon bubbles thereby increasing its degradation.
Overall, plasma treatment is an effective technology with short
treatment times and has minimal impact from the presence of
organic or inorganic contaminants. Further research is required
with regards to PFAS mineralisation pathways, observed
formation of SC-PFAS, and acidification of treated water.

Smouldering is a thermal degradation technique that is
flameless and occurs on the surface of condensed fuel. It is self-
sustained once ignited and is more energy and cost efficient
compared to incineration, which requires continuous energy
input.18 Conventionally, contaminants are the fuel for
smouldering combustion of hydrocarbon contaminated soils,
but as PFAS cannot support smouldering on its own, some
surrogate fuels (like carbon particles) are needed in small
concentrations. Gerhard et al. mixed GAC (fresh or PFAS-
loaded) with PFAS contaminated soil to support sufficient
smouldering temperatures that could destroy PFAS.1°0 This
method could be promising to capture emitted or transformed
PFAS on the sorbent. The same researchers also used the
smouldering technique to treat PFAS in sewage sludge by
adding CaO (5-10 mg/kg of dried sludge), which served the dual
purpose of mineralising the fluorine, as well as minimising
hazardous PFAS and HF emissions.’® Though smouldering
combustion is a promising and energy efficient thermal
decomposition technique; the amount of surrogate fuel
needed, completeness of PFAS combustion, removal of
decomposed PFAS and the careful management of the amount
of HF emissions need to be further evaluated. In addition, the
solid spent sorbent is destroyed in the process of smouldering
combustion, preventing it from reuse.

4.3 Opportunities for contributions from chemists

The complete destruction of PFAS is incredibly challenging, due
to a wide variety of samples containing different
concentrations, types of PFAS, and contaminated media to
manage. Some techniques are practical, yet not well developed,
while others look promising for long chain PFAS but have not
shown efficacy for short chain PFAS. It is too early to tell with
some of the emerging techniques whether or not they will
compete with the current state of the art (i.e., adsorption plus
incineration or landfilling). There is not yet one technique that
checks all of the boxes. Ways that chemists can support the
existing destruction and removal of PFAS in products and the
environment are:
1. Develop robust protocols to investigate and measure
adsorption capacity of both control samples (e.g.,

12 | J. Name., 2012, 00, 1-3
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deionized water) and realistic samples (g.g.drinking
water, waste water) using realistic KoHEENRAGHIBWS BF
PFAS

2. Develop selective, efficient, and reusable separation
strategies, particularly for hydrophilic short- and ultra-
short chain PFAS from liquid media that can be
integrated into existing processes.

3. Find or develop new solutions for the complete
destruction of multiple C-F bonds across all media
(e.g., soil, sediment, leachate, water, air) in the
environment as well as spent products.

4. Improved analysis of thermal- or chemical-induced
PFAS destruction by-products alongside an increased
understanding of the mechanisms involved.

5. Develop on-site solutions to manage existing and
future waste, including contaminated equipment, soil,
waters, and PFAS-containing products.

5.0 The Need for Alternatives to PFAS

PFAS have been detected in environmental media with
confirmed pernicious effects on human health.> 6 The risks
associated with PFAS, alongside government regulations, have
stimulated the development of alternative substances with
comparable chemical and physical properties. Initially, the
historic long-chain PFAS (e.g., PFOA, PFOS) were replaced by
shorter chain PFAS (e.g., GenX, PFHxS). This strategy is
problematic as the shorter-chain alternatives are highly mobile,
persistent, difficult to remediate??? and there is no evidence
that they are less toxic.223 Substituting PFAS with alternatives
without a proper assessment is deleterious for health, ecology
and the economy and results in the alternatives being
regrettable.??4228 A different strategy is a benign-by-design
approach, where alternatives that are safer, sustainable and
which can perform the necessary functions to create lasting
solutions are sought.??

5.1 PFAS-free certification

To promote the use of sustainable alternatives, GreenScreen
has certified PFAS-free products based on hazard endpoints to
help consumers in minimising their PFAS footprint by making
healthier and informed choices. Another approach in the global
phaseout of PFAS is grouping them into non-essential,
substitutable, and essential types based on societal needs and
the availability of alternatives.?% 27 In contrast to non-essential
(e.g., ski wax) and substitutable categories (e.g., aqueous fire-
fighting foams), certain applications of PFAS are specialised and
essential (e.g., occupational protective clothing) and will require
resources for future innovation and product development as no
established alternatives currently exist.?”

To this end, some manufacturers of consumer products are
aiming to avoid intentionally adding PFAS to their products,
where possible. Progress has been made in developing non-
fluorinated alternatives for PFAS in various categories. These
alternatives typically target specific properties which are

This journal is © The Royal Society of Chemistry 20xx
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desired for an application, such as water-repellency, surfactant
structure, or thermal stability (Figure 5). For example, melamine
and its derivatives are nonfluorinated chemicals used as textile
additives to achieve water-repellency. In addition, commercial
PFAS-free AFFFs have been developed, such as ENVIRO 2-3%
FFF and NFD 20-391.2?7 Biobased materials are also attractive
choices as alternatives, such as starch and zein, which have
been employed in food packaging as degradable water- and oil-
repellent paper packaging products.??°

5.2 Safer alternatives across sectors
5.2.1 Firefighting

Arguably, aqueous fire-fighting foams are one of the largest
contributors to environmental pollution due to PFAS. In part,
this is because effective fire suppression to minimise damage to
life and property is a high priority. However, fire suppression
needs to be balanced with its environmental impact and the
health of the firefighters. Numerous Class B Fluorine-free PFAS
replacement foams are being used for aviation, in the military,
as well as in oil and gas companies. These alternatives are
chemically grouped into hydrocarbons, detergents, siloxanes,
and proteins.?3® However, transitioning between foam types
requires review, modification, redesign, and rinsing of storage,
discharge, and application systems to avoid incompatibility and
cross-contamination with the new formulations.??7. 228 231
Moreover it is essential to optimise the performance of
fluorine-free foams (F3) and assess their potential human
health, safety, and environmental risks, when replacing PFAS-
containing foams with F3. Lastly, transitioning from PFAS to
safer F3 is proposed to decrease the impact on the environment
but currently requires higher application rates and densities to
achieve similar results as PFAS-containing AFFFs.232

5.2.2 Construction

Safer alternatives to PFAS exist in the construction sector. For
example, roofing solutions include silicone-modified polyester,
acrylic or PVC-coated membranes. Siloxanes, silicone polymers,
paraffins and polyurethanes have been employed to replace
PFAS in flooring and or in glass coatings.?3® However, for
coatings, paints, and varnishes, PFAS function as anti-blocking,
anti-soiling, oil-repellent, and UV-cooling additives, and no
suitable alternatives have been identified that contain all of
these properties. Although polyolefin- and polyurethane-based
alternatives are suitable and cost-effective, they do not meet
the high-performance requirements for most coating
applications. Additionally, glass and polyester materials do not
perform well in comparison to fluoropolymers for solar panels.
Overall, further research and development are required to
improve PFAS alternatives in coatings, paints, and varnishes. In
the metal plating and finishing industry, mechanical controls
and viable non-fluorinated surfactants are commercially
available to suppress chromium-bearing mist emissions, but
metal plating facilities continue to be a source of PFAS pollution.

This journal is © The Royal Society of Chemistry 20xx

5.2.3 Textiles

View Article Online

. . qow: 10.1039/D4SU00152D
In the textile sector, non-fluorinated alternatives based on

silicones, hydrocarbons, and other chemicals meet the
requirements for water-repellency for most outdoor gear and
fabrics. For example, silicone based on a polydimethylsiloxane
(PDMS) backbone provides a soft feel and has moderate
durability to laundering. However, these alternatives have
potential health and ecotoxicity hazards due to residual levels
of cyclic volatile methyl siloxane (D4 and D5).3° Hydrocarbon-
based durable water repellents e.g., crystallised linear n-alkyl
chains, paraffin waxes, acrylic copolymers have promising
biodegradation over time, but they suffer from poor durability
to dry cleaning. Other dendrimer (hyperbranched polymeric
structures consisting of ester or polyurethane segments) and
inorganic nanoparticle chemistries (manufactured using SiO; or
Al,03; materials) are degradable in principle but have not been
well studied. More importantly, the non-fluorinated DWR does
not provide sufficient repellence to liquids of varying polarities
required for occupational protective clothing, which is an
essential use.3% 234

5.2.4 Other sectors

PFAS are used in personal care products including cosmetics and
can be found in lipsticks, foundations, and waterproof
mascaras.?3>237 They are incorporated specifically to improve
the product texture and ease of application, making them long
lasting and water resistant. Recently, some major cosmetic
manufacturers have committed to phasing out PFAS in their
products; however, there is limited information available on
their alternatives (if any).

For cookware, several non-stick alternatives are available,
including ceramic, cast iron, and stainless-steel options that
does not contain PFAS-based coatings which have been linked
to harmful health effects.

There are some alternatives available for PFAS use in the
electronics sector;23® however, PFAS still have several
specialised uses in the production of semiconductors, fuel cells,
lithium-ion batteries, high-speed telecommunication, ICT and
acoustic equipment, high voltage cable insulation and wiring.
Further research and development are needed to innovate
viable alternatives for these essential uses.?3°

Due to their effective hydrophobic properties, PFAS are used in
drilling and fracking liquids to enhance the flow of oil and gas
from underground geological formations.?4® A number of
alternatives are available, including non-fluorinated
silicone/siloxane-based anti-foaming agents.

5.3 Opportunities for contributions from chemists

Currently, there is a growing awareness of the environmental
and health risks associated with PFAS, which has led to the
ongoing regulations to limit their non-essential use.
Concurrently, collaborative research efforts are being made to
develop methods for destruction and remediation as well as
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identifying safer PFAS alternatives. A combination of i) changes
in consumer behaviours, ii) action by manufacturers, iii)
legislation, and iv) litigation will see an increase in uptake of
alternatives to PFAS. However, substituting PFAS needs to be
done responsibly by switching to safer alternatives after a
thorough evaluation of their hazard profiles, sustainability,
performance, and practicality. Specifically, chemists are
challenged to work with collaborators to:
1. Perform life-cycle analyses on PFAS, products
containing intentionally added PFAS, and alternatives

Journal Name

2. Develop new molecules and materials to\pe, used inas
alternatives to PFAS that can Bel'traHsitioHEedOM S8R
efficient and cost-effective manner.

3. Perform assessment of the key material properties
(e.g., fire-, water-, oil-, grease-, chemical- and thermal-
resistance) for new and existing alternatives to ensure
they meet performance standards set by PFAS-
containing products.

4. Determine the environmental fate and effect of new
and existing alternatives to support robust risk

to PFAS. assessments prior to placement on the market.
4
high \
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Figure 5. The volume of PFAS used across sectors and the availability of suitable alternatives. Original source credit: ChemSec, 2024.2*! Note: there are uncertainties in volume use

and available alternatives in the fluoropolymers, pharmaceuticals, and medical sectors. PPE = personal protective equipment.

6.0 Summary and Future Outlook

The exceptional properties of PFAS, combined with the
challenges of finding viable alternatives, mean they will
continue to be used in numerous essential applications. The
unique properties of PFAS also prevent their degradation,
which, in light of their potential for bioaccumulation and
toxicity, has resulted in a dramatic shift in policy around PFAS
production and usage. Importantly, the US EPA has recently
finalised a rule (effective since November 2023) requiring
manufacturers to report and keep records of PFAS under the
Toxic Substances Control Act.?4> This mandates includes
disclosing usage, production volumes, disposal, exposure, and
hazards for PFAS manufacturing as well as the manufacture of
PFAS-containing articles. Thus, there is an urgent need to
develop novel methods for the effective management of PFAS,
using best practice strategies,?° and to design safe and suitable
alternatives. This multifaceted problem requires contributions
from multiple areas of chemistry and provides an opportunity

14 | J. Name., 2012, 00, 1-3

for chemists to work alongside engineers, epidemiologists,
social scientists, and policymakers to develop sustainable
solutions to this global issue.
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