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Abstract: Per- and polyfluoroalkyl substances (PFAS) are pollutants that have demonstrated a high
level of environmental persistence and are very difficult to remediate. As the body of literature on
their environmental effects has increased, so has regulatory and research scrutiny. The widespread
usage of PFAS in industrial applications and consumer products, complicated by their
environmental release, mobility, fate, and transport, have resulted in multiple exposure routes for
humans. Furthermore, low screening levels and stringent regulatory standards that vary by state
introduce considerable uncertainty and potential costs in the environmental management of PFAS.
The recalcitrant nature of PFAS render their removal difficult, but existing and emerging
technologies can be leveraged to destroy or sequester PFAS in a variety of environmental matrices.
Additionally, new research on PFAS remediation technologies has emerged to address the
efficiency, costs, and other shortcomings of existing remediation methods. Further research on the
impact of field parameters such as secondary water quality effects, the presence of co-contaminants
and emerging PFAS, reaction mechanisms, defluorination yields, and the decomposition products
of treatment technologies is needed to fully evaluate these emerging technologies, and industry
attention should focus on treatment train approaches to improve efficiency and reduce the cost of
treatment.
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1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are a large family of man-made fluorinated organic
compounds whose widespread use and recalcitrant nature have led to their frequent detection in the
environment, causing growing concerns over their impact on human health [1-3]. The origins of
PFAS date to DuPont’s chemical research in the 1930s on polytetrafluoroethylene (PTFE), which was
discovered unintentionally during research on stable fluorinated refrigerants [4]. Further research
and development efforts led to the development of Teflon (the trade name of PTFE) in 1947, the most
well-known of PFAS and one that remains in production still today, unlike many of its cousins [4].
Since then, the family has expanded into a diverse array of chemicals, with more than 4730
compounds having been identified [5].

The uses of PFAS are versatile and diverse. Its many formulations have seen use in applications
such as firefighting foams/fireproofing, repellant cookware coatings, waterproofing, and surfactants,
among others [6-10]. The marked commercial success and widespread use of PFAS can be attributed
to its physical and chemical properties, such as a high degree of thermal and chemical stability due
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to the strength of its carbon-fluorine (C-F) bonds and its ability to reduce surface tension [10-13]. This
is a double-edged sword; these very same properties cause PFAS to be bio-accumulative,
environmentally persistent, and resistant to many current water treatment methods, leading these
compounds to be nicknamed “forever chemicals” [14-16]. Global studies have identified significant
concentrations of PFAS at both urban and rural sites on all six continents, with many sites located at
far distances from potential sources, such as in the Antarctic [17-22]. Throughout these sites, PFAS
have been detected in air, water, soil, plants, and animal tissues [23-25]. 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 [26,27].

This paper aims to provide a broad overview of PFAS in the environment as well as its
remediation through different technologies. It begins with a discussion of the health effects of PFAS
and the limits put in place by U.S. federal and state agencies. Then, the properties of PFAS are
examined to provide context for a discussion of its environmental release, fate, and transport. Finally,
various existing and emerging treatment technologies and approaches are described with their
advantages and disadvantages. This review was performed using a methodical search of PubMed,
Scopus, and the Web of Science databases. In doing so, 295 relevant publications were identified after
an initial exclusion. The authors then selected a limited list that was supplemented by government
publications and gray literature.

2. Health Concerns and Regulations

Research into the health effects of PFAS has led to increased concern and governmental
regulation, and long-term studies have revealed its potentially harmful health effects [28,29].
Additionally, several large, ongoing biomonitoring studies are currently underway, most notably the
National Health and Nutrition Examination Survey conducted by the United States Centers for
Disease Control and Prevention [30]. Several decades of research have led to numerous findings,
including evidence of PFAS in the blood serum of chemical workers, a finding from the 1980s [31].
PFAS are water-soluble, which allows them to behave differently from many other organic pollutants
when interacting with the human body. For example, they have a strong tendency to interact with
tissue and serum proteins such as albumin, which may contribute to their presence in livers, kidneys,
and blood [32,33]. Zebrafish studies have confirmed their toxic and neurotoxic effects, with increased
neurotoxicity correlated with increased carbon chain length [34]. Longitudinal studies in humans
have discovered that PFAS lead to altered kidney and thyroid function [35]. A variety of
epidemiological studies conducted in recent years have identified possible effects including, but not
limited to, endocrine disruption, carcinogenesis, immunotoxicity, and metabolic disruption [36-38].
These effects are depicted in Figure 1 where the size of the arrow qualitatively depicts relative PFAS
intake amounts. Due to its high solubility, most PFAS enters the human body through drinking
water.
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Figure 1. Pathways of direct human per- and polyfluoroalkyl substance (PFAS) exposure and its
potential health effects [31-33,35-38].

Several major manufacturers have also joined a voluntary perfluorooctanoic acid (PFOA) phase-
out program launched by the USEPA in 2006 [39-41]. Further regulatory steps have included the
adoption of provisional health advisory values in 2009, the inclusion of six PFAS in the Third
Unregulated Contaminant Monitoring Rule (UCMR) for required monitoring in 2012, and lifetime
health advisories for PFOA and perfluorooctanesulfonic acid (PFOS) in 2016, with the latter stating
that exposure to the combined concentration of PFOA and PFOS over 70 ppt may result in adverse
health effects [41-44].

Unlike many other legacy contaminants (e.g., polychlorinated biphenyls (PCBs), lead), the
regulation of PFAS poses several unique challenges. PFAS are among the first compounds to be
screened and regulated at very low concentrations (in the parts per trillion (ppt) range) [45]. In
comparison, contaminants such as benzene and trichloroethylene are regulated in part per million
(ppm) or part per billion (ppb) range. PFAS may be released into the environment by a variety of
means: (1) industrial point sources and their resulting emissions re-entering surface water and
groundwater, (2) spillages and runoff from incidents and locations utilizing firefighting foams, (3)
landfills, and (4) wastewater treatment plants and the application of contaminated biosolids. This is
further complicated by the hydrophobic, lipophobic, and surfactant properties of PFAS, which, when
combined, confer unique fate and transport characteristics [46]. PFAS are miscible, so they do not
exist as a separate non-aqueous phase, unlike some hydrocarbons and solvents. The persistence and
mobility of PFAS in the environment make it a serious long-term concern. As a result of growing
recognition of its persistence, the rate at which guidance and regulations are being developed by state
and federal authorities has rapidly increased over recent years, resulting in some of the regulations
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listed above [9,47,48]. Regulatory agencies are also beginning to expand their regulation of PFAS to
cover additional emerging PFAS and to extend regulations beyond drinking water and groundwater,
resulting in increased overall regulatory scrutiny.

As the small list of regulated PFAS slowly grows, some PFAS precursors have also begun to be
subjected to research scrutiny [11,49,50]. Currently, many U.S. state regulatory agencies (e.g.,
California, Michigan, New Hampshire, New Jersey, New York, and Vermont) require the monitoring
of an expanded list of PFAS through the inclusion of precursors beyond federal requirements or
having more stringent standards [51,52]. Currently, regulatory guidance and research attention exists
for PFOS, PFOA, and a variety of other PFAS, including perfluorononanoic acid (PFNA),
perfluorobutanoic acid (PFBA), pentafluorobutanesulfonic acid (PFBS), perfluorohexanesulfonic acid
(PFHXS), perfluorohexanoic acid (PFHxA), perfluoropentanoic acid (PFPeA), perfluoroheptanoic
acid (PFHpA), perfluorooctanesulfonamide (PFOSA), and perfluorodecanoic acid (PFDA) [51].

Emerging PFAS, the “shorter-chain” alternatives (e.g., GenX, PFBS) to legacy PFAS, have been
developed to complement and/or phase-out legacy PFAS, a change brought about by increased
regulatory pressures. Most legacy PFAS are long-chain compounds with proven bio-accumulative
properties, whereas most emerging, shorter-chain PFAS have been promoted by the chemical
industry as safer and more environmentally sustainable alternatives that should reduce the potential
for accumulation in humans [53]. However, recent research scrutiny has found that both long-chain
and short-chain PFAS are still persistent pollutants that require remediation [54-56]. This is
complicated by gaps in knowledge about emerging PFAS and their potential bio-accumulative and
toxic effects [57,58]. These difficulties have led some experts to question whether
emerging/replacement PFAS are indeed a safer alternative to legacy PFAS [59].

3. Classification of PFAS

PFAS can be broadly divided into two main classes: polymers and non-polymers. While the
polymer class contains commonly used substances such as PTFE (Teflon) and ethylene
tetrafluoroethylene (ETFE, trade name Tefzel), most research into PFAS focuses on non-polymers, as
they are more widely detected in the environment and thus are more likely to be the subject of
government guidelines and regulations [3,10]. The non-polymer class is further divided into two
subclasses: perfluoroalkyl and polyfluoroalkyl substances. Perfluoroalkyl substances contain fully
fluorinated carbon chains where all possible bonding sites on the carbon atoms have been replaced
by fluorine, except for one site on the terminal carbon, where a functional group is attached.
Polyfluoroalkyl substances are only partially fluorinated, containing a non-fluorine atom (typically
hydrogen or oxygen) bonded to at least one, but not all, carbon atoms, while at least two or more of
the remaining carbon atoms in the carbon chain tail are fully fluorinated. Within the perfluoroalkyls
is yet another subdivision: perfluoroalkyl acids (PFAAs). This group contains some of the most
frequently detected PFAS, including perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate
(PFOS). Two important subgroups of PFAAs are the perfluorocarboxylic acids (PFCAs) and
perfluoroalkane sulfonic acids (PFSAs), each distinguished by their respective carboxyl and sulfonate
functional groups. An in-depth PFAS family tree is illustrated in Figure 2.
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Figure 2. Classification tree of PFAS family compounds adapted from Buck et al. [3] and ITRC PFAS
Team [10].

4. Physical and Chemical Properties

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 treatment [60].
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 make 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 stability of PFAS in the presence of oxidants and high temperatures as well as its
resistance to chemical and biological degradation [13,60]. Further substitution of a carbon atom only
increases the bond strength due to the shortening of the bond length, as the carbon center becomes
increasingly positive [61]. Additionally, the low polarizability of fluorine imparts PFAS’s signature
property of simultaneous hydrophobicity and lipophobicity [62].

While the C-F bond is common to all PFAS, there is significant structural variation across these
compounds. Carbon-chain length is often used in the classification of PFAS, as it has a strong impact
on a compound’s properties. Increasing chain length is associated with increasing lipophilicity and
hydrophobicity [60,62]. PFAS can be found in both aqueous and solid matrices, although longer-chain
PFAS are more likely to attach to soil particles due to differing adsorption potentials. These
differences in aqueous solubility and adsorption potentials cause disparities in mobility and
environmental transport [29]. Therefore, the distribution of long-chain and short-chain PFAS in the
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environment is highly dependent on chain length. While important, chain length is not the only
determinant for properties of PFAS.

Functional groups, such as carboxyls, sulfonates, and hydroxyls, also affect the chemical
properties of PFAS. For example, more electrophilic PFCAs, which contain carboxyls, are easier to
degrade than PFSAs, which contain sulfonates, when they have the same number of carbons [63].
Functional groups can also dissociate into the ionic form in aqueous solutions under appropriate
conditions. Depending on the functional group, the ion formed can either be an anion, a cation, a
zwitterion, with anions being more prevalent in the environment [64]. Different ionic forms behave
differently in the environment [65]. Cations are more likely to be adsorbed to soils, which typically
have a net negative charge, whereas the sorption of anions is generally lower [66]. pH can further
complicate the environmental transport of ionic forms. For instance, under higher pH values, the
electrostatic repulsion from deprotonated oxides can suppress anion sorption onto soil surfaces [67].

4.1. PFOA and PFOS

As the most widely produced PFAS in the United States, PFOA and PFOS are widely detected
in the environment [68]. Thus, they offer a very clear example into the effect of physical and chemical
properties of PFAS on their environmental fate. As PFAAs, both contain fully fluorinated
hydrophobic tails and a hydrophilic functional group. PFOA and PFOS are mostly inert, water-
soluble acids that exist predominantly in the anionic form along a wide range of pH values. Between
these two compounds, PFOA is found mostly in the dissolved phase, while PFOS has a higher
sorption capacity [69]. PFOS has also been shown to exhibit a greater tendency to bioaccumulate due
to its longer perfluoroalkyl chain length [68,70]. The biotic and abiotic degradation of most
polyfluoro-substances (i.e., non-fully fluorinated PFAS) results in the formation of PFAAs [25,71].
These polyfluoroalkyl substances that degrade to create terminal PFAAs are referred to as
“precursors.”

Additional physical and chemical properties comparing PFOA and PFOS, in addition to several
other PFAAs, are listed in Table 1. These values will provide context for a discussion on the fate and
transport as well as the remediation of PFAS.

Table 1. Physical and chemical properties of selected PFAS, adapted from ITRC PFAS Team [51].

Vapor Log of Organic
P Water Melting  Boiling Carbon
Molecular =~ Molecular  Pressure .. . . -
Formula Weicht at 25 °C Solubility at ~ Point Point Partition
& 25°C (mg/l)  (°C) ©C) Coefficient
(Pa)
(IOgKoc)
CsF-COOH 214.0 851 562877 -17.5 120 1.9
CiFoSOsH 300.1 631 30010 20.4-704 205214 1.2-1.79
CsFuCOOH 314.1 120 21730 14 157 1.3
CeF13SOsH 400.1 58.9 2302 26.7-732  218-238 24-3.1
C7F1sCOOH 4141 4.2 771 54.3 188 1.89-2.63
CsF17SOsH 500.1 6.8 60.1 15.2-73.5 219-262 24-3.7
CoF19COOH 514.1 0.2 252 78-88 218 2.76-2.96
C10F215S0OsH 600.1 0.7 24 11.6-85.2 224-284 3.53-3.66

5. Environmental Release

The widespread use of PFAS has greatly contributed to their presence in the environment. They
have been found in a variety of environmental matrices including surface waters, groundwaters,
wastewaters, solid wastes, soils, and sediments [72-76]. Although the extent and sources of release
are wide and diverse, major PFAS point sources in the United States and abroad can be largely
divided into four major categories: (1) industrial facilities, (2) areas utilizing Class B firefighting foams,
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(3) solid waste management facilities, and (4) wastewater treatment facilities and their associated
discharge areas. Figure 3 illustrates these potential releases, absorption pathways, and paths to their
final destruction.
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Figure 3. Pathways of PFAS environmental release and exposure [6,10,77-94].

5.1. Industrial Facilities

Facilities involved in the production or utilization of PFAS have been associated with their
environmental release, with variable release mechanisms and released compounds. The 3M
Corporation was a major producer of select PFAS through the 20th century, and significant
groundwater and well contamination have been found within the vicinity of their disposal facilities
[95,96]. Studies have found elevated PFAS levels in the blood serum and incidences of cancer in
people who reside within the vicinity of these facilities [87,88]. Before extensive regulation, facilities
were regularly discharging wastes into surface waters and the air, with atmospheric transport being
a key factor in extending the range of pollution to up to 30 miles [87,97-99]. This has raised an acute
need for extensive biomonitoring in areas near PFAS-producing facilities.

5.2. Firefighting Foams

Class B firefighting foams, particularly aqueous film-forming foams (AFFF) designed for
extinguishing flammable liquid hydrocarbon fires, frequently utilize PFAS due to their unique
properties [89]. Class B fluorine-containing firefighting foams are commercial surfactant solutions
that have been (and continue to be) stored and used for fire suppression and training. These foams
have seen extensive use in areas with high risks of fires, most notably on airfields and military
installations [90,100-103]. Many of these facilities were not designed with AFFF containment as a
priority [100]. Consequently, these design oversights can allow PFAS to enter into surrounding soils
and waters through leaching and run-off, often displaying leaching at significant concentrations
[6,89,91-93]. Around AFFF pollution sources, PFAS in groundwater and surface waters can exceed



Int. ]. Environ. Res. Public Health 2020, 17, 8117 8 of 26

USEPA drinking water advisories by three to four orders of magnitude [102]. At these concentrations,
PFAS present in surface waters can easily accumulate in aquatic life and sediments [90,94].

5.3. Solid Waste Management Facilities

PFAS are used in many consumer products, such as clothing fabrics and food wrappings [104].
At the end of their useful lives, many of these products are landfilled. Apart from consumer goods,
other sources of PFAS in landfill leachate include contaminated industrial waste, sewer sludge, and
waste from contaminated sites [10,105,106]. The presence of PFAS, including PFAAs, fluorotelomer
polymers (FIPs), perfluoroalkyl sulfonamide derivatives, and polyfluoroalkyl phosphate esters
(PAPs) in landfill leachate is well documented, though the range of concentrations varies widely
[104,107,108]. In particular, PFAAs such as PFCAs and PFSAs are the most frequently detected PFAS
in landfill leachate in the ng/L to mg/L range [109,110]. Furthermore, short-chain PFAAs (four to
seven carbons) are more commonly found in landfill leachates when compared to long-chain PFAAs
(more than seven-carbons) [77,110]. In the United States, PECAs and PFSAs concentrations in landfill
leachate were reported to range from 10-8900 ng/L and 50-2300 ng/L, respectively [104,111,112].
Although leachate treatment is designed to remediate potential groundwater contaminants,
biological leachate treatments have been found to increase PFAS concentrations as opposed to non-
biological treatments, possibly through the formation of additional PFAS through the biodegradation
of precursors [106,113]. This fits in line with the general trend of bioreactor landfills having higher
PFAS concentrations than non-bioreactor landfills [112]. Atmospheric transport has also garnered
recent attention due to the semi-volatility of some PFAS precursors and their presence in ambient
landfill air, creating a potential need to investigate landfill gas emissions [109,114,115]. Solid waste
landfills allow for the environmental release of PEAS laden leachate through discharge to wastewater
treatment facilities, infiltration to groundwater from unlined landfills, accidental release due to
leakage from landfill liners, and volatile gas emissions through the top cover [10].

5.4. Wastewater Treatment Plants

Wastewater treatment plants (WWTPs) receive PFAS through influents, including discharge
from consumer and industrial point sources, landfill leachates, and firefighting foam runoff [116].
WWTPs have been found to be a significant point source for PFAS release, often because WWTPs are
not designed to remediate persistent organic pollutants [78,79]. Wastewater can have up to 1000-
times greater PFAS concentrations than the surrounding receiving waters, and although receiving
water bodies can dilute the PFAS concentration, it often fails to dilute it to a concentration below
drinking water advisories [78,117]. Several studies also report elevated PFAS concentrations in
effluents due to precursor degradation [78,117-119]. After wastewater treatment, much of the
biosolids produced are diverted for reuse in land-based applications, providing another avenue for
release. In the United States alone, annual PFAS loads from biosolids are between 2749-3450 kg/year,
which is a sufficient to create strong contamination concerns [80,81]. This is particularly concerning,
given the increased use of biosolids in recent years and the constant recirculation of PFAS between
WWTPs and landfills [119]. WWTPs receive PFAS-laden leachates, and WWTP biosolids are often
deposited back in landfills, creating a cycle [77,82,83]. Thus, through point source discharges of
effluents, leakage or unintended releases from surface impoundments and structures, air emissions,
biosolid disposal and management, and precursor reactions during treatment, WWTPs can become
major contributors to the environmental release of PFAS.

6. Fate and Transport

Due to the diverse physical and chemical properties of PFAS as outlined above, their behavior
in the environment is highly complex. Variations in hydrophobicity and lipophobicity across the
PFAS family unlock a wide range of possible transport pathways and are a cause of their widespread
distribution in the environment. The movement of PFAS in the environment primarily occurs
through atmospheric transport, aqueous transport, abiotic solid-phase partitioning, and
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bioaccumulation in plants, humans, and wildlife. A representation of these pathways beginning with
the production of PFAS at a chemical plant, is illustrated in Figure 3.

6.1. Atmospheric Transport

While generally less volatile than other organic contaminants, PFAS can partition to the
atmosphere under certain conditions. Neutral PFAS such as fluorotelomer alcohols (FTOH),
fluorotelomer olefins (FTO), fluorotelomer acrylates (FTAC), and fluorosulfonamido alcohols (FSA)
are considered to be volatile or semi-volatile compounds and have been detected in the atmosphere
in the gaseous phase [21]. The presence of PFAS in remote areas such as in the Arctic with
concentrations as high as 26 pg/m? for 8:2 FTOH can likely be attributed to the atmospheric transport
of these volatile compounds [71,120] It has been hypothesized that the simultaneous presence of
PFOS and the absence of PFCAs in the Antarctic indicate that the occurrence of PFOS in remote areas
is a result of the photochemical oxidation of volatile precursors rather than aqueous transport [20].
Due to their low volatility, ionic PFAS can be transported in the atmosphere while attached to
particulate matter, and several studies have detected the presence of PEFSAs and PFCAs in this phase
in the environment [121-123].

6.2. Aqueous Transport

The high solubility and persistence of some PFAS in water, particularly PFAAs, contribute to
their frequent detection in the aqueous environment and considerable potential for long-range
aquatic transport [71,124]. Differences in hydrophobicity due to chain length impact the mobility of
PFAS in water. Short-chain molecules have a lower hydrophobicity and higher solubility in water
(see Table 1), resulting in preferential partitioning to the aqueous phase compared to long-chain
molecules [125-127]. Due to the competing tendencies of the hydrophilic head and lipophilic tail that
give PFAS their low surface tension, PFAS tend to accumulate at air-water interfaces. This
observation provides useful information for selecting PFAS remediation methods [128]. A further
consequence of its low surface tension is the formation of micelles at higher concentrations. The
critical micelle concentration (CMC) for PFOS and PFOA has been cited as 3500 mg/L and 5800 mg/L,
respectively [129]. It has been hypothesized that the formation of micelles could enhance adsorption
onto carbon and other minerals while blocking diffusion into the inner surface of the adsorbent [130].
While the CMC is unlikely to be reached in the environment, it may play a role in the behavior of
PFAS in highly concentrated waste streams, such as those which result from effluents of ion exchange
resins and reverse osmosis. Vo et al. 2020 and Rahman et al. 2014 provide comprehensive reviews of
PFAS in the aqueous phase, wherein Vo et al. 2020 investigated the behavior and remediation of
PFAS in water and wastewater while Rahman et al. 2014 looked specifically into PFAS in drinking
water [131,132].

6.3. Abiotic Soil Partitioning

There are two processes by which PFAS partition to solid-phase materials: (1) electrostatic
interactions between clay particles and (2) polar head group and hydrophobic interactions between
organic soil matter and carbon tails [69,133]. For electrostatic interactions, oxides present in soils and
sediments provide positively charged surfaces that attract the negatively charged functional heads
of anionic PFAS [130]. When soil surfaces are negatively charged, divalent cations can act as bridges,
effectively shifting negatively charged sites into positively charged sites [130,134,135]. Different site
characteristics can greatly influence sorption due to different levels and types of electrostatic
interactions. Changes in pH can also alter surface charges such that the sorption of anionic PFAS
increases with decreasing pH [69]. The content and properties of organic matter present in soils and
sediments play an important role in the hydrophobic interactions of C-F chains in PFAS. Studies have
demonstrated that the sorption of PFAS onto negatively charged surfaces is possible, despite the
electrostatic repulsion, with higher sorption amounts for more hydrophobic compounds [130]. The
simultaneous hydrophobicity and oleophobicity of the tail create competing tendencies, impacting
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sorption onto adsorbent surfaces that are both hydrophobic and oleophilic. Therefore, it is likely that
both hydrophobic and electrostatic interactions affect the partitioning of PFAS to the solid phase [69].
A detailed review of the characteristics and treatment of PFAS in soil can be found in the investigation
by Mahinroosta and Senevirathna, 2020 and Li et al. 2018 [74,133].

6.4. Bioaccumulation in Organisms

The bioaccumulation of PFAS allows for transport between organisms. As shown in Figure 3,
PFAS present in the environment can be transported to plants and other wildlife. In plants, PFAS
released from landfills and WWTPs are deposited in soils and up-taken via diffusion into plants’ root
systems [84,85]. Crop research indicates that uptake and storage primarily occur in the vegetative
compartments but are also highly dependent on plant species [136]. From plants, PFAS travel up the
food chain through consumption, biomagnifying in organisms at the top, typically carnivorous
predators. For example, a study in the state of Washington found PFAS concentrations of up to 910
ng/g in osprey eggs, while concentrations in fish liver tissue did not exceed 530 ng/g [137]. PFAS
binds to serum albumin and fatty acid-binding proteins in the human body, unlike more lipophilic
contaminants such as PCBs, DDT, and mercury [124,138]. With albumin being a major protein in
mammalian milk, breastfeeding is an additional transport route between organisms [33,139].
Especially in humans, the ingestion of PFAS can occur from exposure to consumer products,
consumption of contaminated food, and contaminated water and breastmilk drinking. The half-lives
of PFAS in the human body have been found to be longer than any other mammal, with long-chain
PFAAs lasting up to several years [86]. This persistence and widespread distribution throughout
ecosystems highlight an urgent need for novel and efficient PFAS removal and remediation methods.

7. Treatment Technologies and Challenges

PFAS have become widely distributed in the environment, and they are detected in surface
water and groundwater at hundreds of locations in the US and around the world [2,3,102,140-142].
Growing toxicology research on this contaminant class has led to increased societal and regulatory
awareness [14,28,51]. Many treatment technologies aim to remediate PFAS by taking advantage of
their physical and chemical properties. Many existing water treatment technologies (e.g., air sparging,
enhanced aerobic bioremediation, etc.) have shown limited success in mineralizing PFAS, as PFAS
are uniquely recalcitrant and persistent [143]. Advanced oxidation processes (AOPs), which use
hydroxyl radicals such as Fenton’s reagent (H,0,and Fe?*) and ozone (03), have shown limited
effectiveness in the mineralization of PFAS due to the strength of the C-F bonds and the high
electronegativity of fluorine [143-145]. Some transformation or destruction technologies, including
advanced oxidation, biodegradation, advanced reduction, and thermal destruction, are currently
being tested [146-149].

Treatment technologies for PFAS in environmental matrices are still evolving. The final
objectives of remediation processes are defined by a plethora of guidelines and policies from all levels
of government; these competing guidelines can complicate the development of remediation methods
[28,51,146,150]. There is considerable uncertainty on the endpoints of PFAS remediation strategies,
and because there are very few currently available technologies, the environmental industry likely
needs to prioritize protecting drinking water sources and human health. Thereby PFAS remediation
work has focused primarily PFAS-impacted liquid streams (e.g., groundwater, drinking water,
landfill leachates, wastewater, and industrial discharges) that are directly or indirectly affecting the
drinking water sources through novel sequestration and/or removal methods [28,146].

Sequestration remains the most common treatment for PFAS-contaminated liquids, although
sequestration fails to destroy PFAS [151,152]. Sequestration process are considered as interim actions
and involve the physical mass transfer (sequestration) of PFAS. These approaches process extremely
large volumes of liquid with low PFAS concentrations, typically in part per trillion range (ppt) to low
part per billion range (ppb) and yield a much smaller volume of concentrated PFAS, which requires
subsequent disposal or incineration.[153]. Generally, there is a concerning paucity of literature
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detailing the destruction mechanisms and final fates of PFAS under existing and developing
treatment methods that must be addressed with further investigation [147,154].

7.1. Current Water Treatment Technologies

The most common and effective treatment processes for PFAS are filtration technologies (e.g.,
nanofiltration (NF), reverse osmosis (RO)) and adsorption processes (e.g., granular activated carbon
(GAC) and ion exchange resins (IX)) [146,155,156].

Filtration can remove contaminants, including PFAS, by forcing pressurized contaminant
streams through a semipermeable membrane [146,157,158]. A variety of membrane filtration
methods have been tested for PFAS removal, and results have shown that RO and NF are effective in
removing PFAS, while microfiltration (MF) and ultrafiltration (UF) perform poorly [16,151,159]. RO
and NF have also shown good performance on PFAS of all chain lengths, and this performance could
be reasonably expected to translate to PEAAs and their precursors [148]. At the same time, RO and
NF have high implementation and operation costs, which might be prohibitive [148]. The membranes
may also become compromised by suspended solids and the geochemistry of water, which can create
additional costs due to fouling [160]. Other fundamental limitations, such as subpar efficiency,
contaminant rejection, and low throughput flow rates, can constrain the range of useful applications
[155].

Adsorption is a physical mass transfer process that binds molecules of PFAS to the surface of
adsorbents through electrostatic and hydrophobic interactions [130,161]. GAC sorption, a
hydrophobic process, is currently the most widely used treatment technology for PEAS-contaminated
water [130,148,155,162]. GAC sorption effectively removes longer carbon chain PFAS with more C-F
bonds and becomes progressively less effective for removing shorter carbon chain compounds and
their precursors [163,164]. Surface area, macroscopic pore size, and surface chemistry are sorbent
properties which have a great deal of influence over the PFAS uptake [164,165]. Thermal destruction
at temperatures higher than 1000 °C can also be used for the reactivation of GAC surfaces.
[153,166,167].

Anion ion-exchange (IX) resins can effectively adsorb aqueous PFAS through ion exchange and
adsorption [168]. IX resins consist of synthetic polymers with positive exchange sites, which ionically
bond with negative sulfonic and carboxylic acid heads of PFAS in aqueous media under typical pH
values [146,148,168,169]. The hydrophobic carbon-chain tail is able to bind to the hydrophobic
backbone and cross-links on the resin surface. The result of these dual mechanisms allows for high
adsorption, short contact time, and small equipment footprints that improve the efficiency of IX resins
in comparison to other methods (e.g., GAC) which function strictly by adsorption [168,170-172]. A
number of intake parameters of treated water, including concentration of co-contaminants,
competing inorganic ions, or impurities, can foul or degrade performance of IX resins and may
require pretreatment steps to optimize the performance of sorption technologies. IX resins can be
categorized as either single-use or regenerable [146,148]. Single-use resins are used until a
breakthrough occurs, after which they are incinerated or landfilled, while regenerable resins can be
restored using a regenerant solution [168]. A brine solution which combines solvents such as
methanol with sodium chloride or sodium hydroxide is used to generate ion-exchange membranes
[168,173].

RO and other filtration processes are highly effective in removing PFAS of all chain lengths
[148,155]. However, these filtration systems (particularly RO) are expensive when compared to GAC
and IX, which may be why the latter options remain the most common. More importantly, IX can be
used repeatedly, improving sustainability and reliability [168,173,174]. Currently, a limited number
of full-scale regenerable IX systems have been installed by one commercial vendor, ECT2 [146].
However, this technology is gaining much commercial interest, and soon there will likely be several
regenerable IX systems installed by multiple vendors across the US.

Remediation by adsorption constitutes an interim action, undertaken to comply with drinking
water advisories. A concentrated secondary waste stream often results, which may have a solid phase,
as in the case of GAC treatment, or a liquid phase, as in the case of regenerated IX resins and filtration
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[149,168,175]. Ultimately, these waste streams must undergo secondary handling and disposal,
frequently through landfilling or incineration [28]. Ex-situ incineration is by far the most common
method, although it has raised environmental and public health concerns [28,153]. In addition,
incomplete PFAS mineralization and incineration produce by-products with long atmospheric half-
lives (e.g., perfluoroisobutylene, fluorocarbons, and fluoroalkanes) or PFAS discharges into the
environment [153,167,176].

7.2. Emerging Water Treatment Technologies for PEAS

Foam fractionation is an emerging sequestration technology [155,177]. The functional head
group of PFAS is hydrophilic, but the tail is hydrophobic. This makes the air-water interface of a
bubbles highly suitable for sequestering PFAS. Foam fractionation exploits the surfactant properties
of PFAS by sparging air through a column with PFAS-contaminated liquids, creating a PFAS-
enriched foam that can be easily removed [148]. Using a series of narrow columns, PFAS are
progressively removed until compliance with drinking water regulations is reached. Foam
fractionation is also being adapted with ozone, a patented process by Evocra, which replaces air with
ozone [178,179]. In this process, fine ozone bubbles are used, which oxidize non-fluorinated organic
compounds in water. This confers an advantage in that both organic contaminants and PFAS can be
removed simultaneously. It has been further shown that ozone fractionation has a higher removal
efficiency than air fractionation [180]. However, they too, generate concentrated waste streams
requiring further processing, creating a 1000-fold concentrated effluent at 0.5-2% of the influent
volume [148].

Many advanced redox reactions (e.g., electrochemical oxidation, photolysis, photocatalysis,
aqueous reduction processes using aqueous iodide or dithionite and sulfites, high-voltage electric
discharges, microbial treatment, ozonation under alkaline conditions, permanganate oxidation,
sonolytic degradation, sub or supercritical treatment, and microwave-hydrothermal treatment) have
shown varying degrees of effectiveness in degrading PFAAs in water [181]. Electrochemical
oxidation, plasma, sonolysis, and hydrothermal/supercritical oxidation are some emerging
technologies that are transitioning from lab-scale research to field-scale testing [2,28,148,153]. While
promising, these technologies need extreme operating conditions, centralized laboratory equipment,
and high chemical and energy requirements, impeding their practicality and widespread use [182].
However, optimizing PFAS remediation by combining concentration and eventual destruction in a
treatment train can offer energy-efficient and cost-effective options for decision-makers [146,182].

Electrochemical treatment is being exploited to treat PFAS, and it is actively transitioning from
laboratory-scale to field-scale demonstrations [183]. Electrochemical treatment uses anodic oxidation,
a process of direct electron transfer from an anode to molecules within electrochemical cells equipped
with anodes, cathodes, and electrolytes [184,185]. Electrochemical cells with mixed metal oxide
anodes are effective for treating PFOA and PFOS when currents are applied at densities of 1-50
mA/cm? [155]. Mixed-metal anodes, including lead dioxide, titanium oxide, tin oxide, and boron-
doped diamond (BDD) have been tested as electrode materials, with BDD showing advantages due
to commercial availability, high reactivity, low absorptivity, and flexibility [63,186,187]. Numerous
operating parameters such as pH, current density, electrolyte type, electrode distance, PFAS
concentration, and temperature all have a strong influence on the effectiveness of electrochemical
oxidation. During a typical residence time of 4-10 h, a PFAS molecule undergoes anodic oxidation,
which removes carbon atoms through decarboxylation pathways. This process repeats, continually
shortening the molecule and eventually producing fluoride and sulfate ions.

In electrochemical treatment, the formation of toxic by-products (e.g., hydrogen fluoride,
chlorine gas, bromate, perchlorate, and organic halides) is a recurring issue [63,155,188]. Heavy-metal
electrodes, which are toxic, may also slowly break down and release into the environment due to
wear [184]. In electrochemical oxidation, PFAS undergoes in sequential defluorination, which creates
short-chain PFAAs [147,149]. This may become problematic, as electrochemical oxidation is not as
effective in defluorinating short-chain PFAS, which may lengthen residence time [187,188].
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Plasma treatment applies pulses of high-voltage electrical discharges through contaminated
liquids with an electrode directly through the liquid or through bubbles to a ground electrode within
the liquid [189,190]. These discharges react with water molecules and alter the physiochemistry of
the liquid through powerful electric fields, intense UV radiation, and shock waves. These effects
result in the formation of strong reactive species (e.g., hydrogen radicals (He), oxygen radicals (Oe),
hydroxyl radicals (OHe), hydrogen peroxide (H202), aqueous electrons, Hz, Oz, and Os), aqueous
electrons, and hot plasma electrons, which, in sum, are conducive to the treatment and removal of
contaminants [189,191,192]. These highly reactive species react with anionic PFAAs, resulting in
decarboxylation pathways which cleave C-C bonds. These species react with anionic forms of PFAAs,
resulting into the decarboxylation degradation pathways of C-C bond cleavage, creating
progressively shorter chains and various ions. As a result of the numerous moving parts of such a
reaction, plasma technology depends on numerous technical parameters, including conductivity,
electrode material, power, pulse repetition, and voltage, among various other physiochemical
properties of the treated contaminant stream [147]. This process is highly energy-intensive, and its
reaction efficiency can be compromised by geochemical components present in the liquid
[153,193,194]. The reaction mechanism for plasma treatment is not well understood, and existing
research suggests that there are multiple parallel destruction pathways which take place during
treatment. Furthermore, while the degradation of PFOA and PFOS are relatively well-understood,
the effectiveness of plasma treatment on short-chain PFAS is unclear. PFOS decomposition by DC
plasma has also been demonstrated, albeit with PFOS showing reduced degradation due to its sulfur
group when compared with PFOA and its carboxyl group [193]. Additionally, plasma-based water
treatments have limited full-scale application for other contaminants, and its reactions with other by-
products have yet to be fully elucidated [146].

High-frequency ultrasound has also been demonstrated to be effective and relatively fast in
mineralizing PFAS, although existing research largely exists at the bench scale [143,145,195-199]. The
sonolytic degradation of PFAS is believed to be caused by high-temperature pyrolysis at the surface
of imploding cavitational bubbles [145,155,198]. PFAS degradation is believed to be enhanced by the
presence of salts and higher initial concentrations, which are key attributes of concentrated waste
streams [143,198]. Pyrolytic decomposition pathways are likely further applicable to all PFAS,
destroying shorter-chain PFAAs and polyfluorinated precursors as well as more commonly studied
PFAAs (e.g., PFOA and PFOS) [198]. Unlike methods that utilize sequential defluorination pathways,
sonolysis can completely mineralize PFAS [143,145]. The scaling-up of sonolytic remediation
processes presents a steep design challenge as a variety of parameters related to the design of a reactor
(e.g., size, geometry, transducer locations, flow, etc.) can influence the distribution of cavitational
events [195,200,201]. However, it is generally believed that flow-through reactors can decrease energy
consumption and reaction rates [195].

Finally, hydrothermal and supercritical water treatment processes have been identified as
innovative and minimally damaging remediation techniques [202,203]. Hydrothermal/subcritical
water is defined as water at temperatures of 100 °C to 350 °C but sufficiently pressurized to remain a
liquid, while supercritical water is defined as water at both temperatures and pressures higher than
the critical point of water (374 °C, 22.1 MPa) [203]. High temperature and pressure create a highly
reactive environment which is capable of catalyzing chemical reactions that cannot proceed at lower
temperatures [202-204]. Water at these pressures and temperatures is able to reductively decompose
PFAS, although the precise mechanism is not well understood [205,206]. Enhanced degradation has
been observed with the addition of iron and the use of supercritical water over subcritical water [207].
However, the harsh environment created can cause corrosion, and heavy metals may leach into the
water during treatment [202].
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8. Emerging Research

8.1. Factors Affecting Remediation

Currently available commercial analytical techniques are limited to a small list of PFAS. They
are unable to identify all PFAS compounds and treatment byproducts. However, there are 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) to characterize unknown PFAS (e.g., precursors,
polyfluorinated compounds). Those emerging analytical methods still remain at the research and
development stage and are not commercially available [208-211].

A wide variety of remediation technologies that sequester or destroy PFAS have shown promise
at the laboratory bench test- or field pilot-level, yet few have been field-demonstrated and are
generally accepted. The current state of remediation technologies primarily focuses on treating PFOS
and PFOA, the major PFAS compounds detected in drinking water and groundwater. However,
many other PFAS may be present in environmental matrices including soil, wastewater, and
biosolids. As mentioned, a diverse family of more than 4700 PFAS-related compounds with Chemical
Abstract Service (CAS) Registry Numbers has been identified [5]. Uncertainties and a lack of
knowledge about their properties, pharmacokinetics and toxicity, environmental fate, and human
health risks remain a major obstacle and growing as the number of identified PFAS increase in
quantity and complexity [14]. In particular, this concern involves the multiple new short-chain
variant alternatives and new formulations (emerging PFAS, e.g.,, GenX) brought to the market.
Remediation technologies that exploit the physiochemical properties of chemical compounds to
transform, immobilize, or remove contaminants are usually generally successful. Remediation
technologies that have been tested and are shown to be effective for only a narrow list of common
PFAS compounds, but the effectiveness of those treatment technologies on other PFAS is unknown.
Therefore, a more thorough understanding of the chemical structures and properties of PFAS is
necessary for the improvement of remediation efficacy. Decreasing this knowledge and information
gap is particularly important for understanding transformation pathways that may result in the
formation of poorly understood intermediate or final fluorinated products that may present new
risks.

Co-contaminants, including hydrocarbons and chlorinated solvents, are usually present
alongside PFAS in contaminated media. Variations in geochemical constituents can further
complicate the situation (e.g., temperature, pH, organic matter content, inorganic ions, oxygen
concentrations, groundwater, sediment geochemistry). Hence, comprehensive research studies are
needed to address the effects of complex field conditions on the analytical methods as well as the
performance of treatment technologies.

8.2. New Perspectives on Treatment

The limited treatment technologies available for PFAS removal are currently restricted to
drinking water and groundwater treatment. For other environmental media (e.g., AFFF, highly
contaminated soil, and biosolids), cost-prohibitive and environmentally damaging high temperature
incineration is currently the only proven and viable option. The feasibility of removing PFAS in these
media has not been widely evaluated but warrants further research. A combination of multiple
approaches that leverages both sequestration technologies and destruction technologies in a
treatment train can maximize treatment efficiency, energy usage, cost, and sustainability. For
example, ion-exchange can be combined with electrochemical, plasma, sonolysis, or hydrothermal
processes. A comprehensive assessment of feasibility, performance, and cost of treatment is necessary
for a given site to select the proper PFAS treatment technology based on treatment media, site
characteristics and economics. Further research on the economic viability and treatment performance
of emerging destructive technologies in combination with sequestration options will be needed if the
cost and effectiveness of PFAS remediation are to be improved.
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9. Summary and Conclusions

The growing awareness of the effects of PFAS on human and environmental health have led to
researchers and the industry to identify them as toxic and bio-accumulative pollutants. PFAS have
seen commercial use for less than a century, but the body of research on its sources, properties, fate
and transport, and health effects have shown that it is surprisingly complex. Applied research on
remediation and removal methods have proceeded in parallel with research on its basic science and
health effects. Remediation has been constantly complicated by new information, and this manuscript
seeks to provide a baseline understanding on these issues to encourage the development of novel
treatment technologies.

Short-chain emerging PFAS have begun to replace long-chain legacy PFAS, but their
environmental detection and negative health effects have continued to be noted. Regulations
primarily concern PFOA and PFOS, the two most common legacy PFAS. At the same time, equal
regulatory scrutiny deserves to be paid towards short-chain PFAS and their precursors. The current
priority of researchers and policymakers alike should be to create uniform and actionable standards
for protecting drinking water sources, while also creating opportunities for further research to better
understand PFAS. A more thorough understanding of the behavior and nature of PFAS across this
broad family will be conducive to the development of minimally damaging, efficient, and cost-
effective remediation strategies.

Common field-scale treatments involve the use of adsorbents to concentrate and sequester PFAS,
but these actions require the downstream treatment of highly concentrated secondary waste streams.
Most of the available treatment technologies claim to treat PFOS and PFOA and some other legacy
PFAS, but have not been assessed to treat the entire PFAS family, including emerging PFAS
compounds. Furthermore, cost, environmental safety, size, time are competing concerns, with some
existing technologies showing advantages over others in individual areas.

Author Contributions: Conceptualization, ].N.M.; investigation, J.AK., B.L.,, RW.M.; writing—original draft
preparation, J.N.M., J.LAK, B.L., RW.M., writing—review and editing, JN.M., JJAK, B.L, RW.M,
visualization, B.L., R W.M.; supervision, ].N.M.; project administration, ].N.M. and funding acquisition, ] N.M.,
J.AK. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the US National Science Foundation grant number 2016168.
Conflicts of Interest: The authors declare no conflict of interest.
References

1.  3M Company. Fluorochemical Use, Distribution and Release Overview; 3M Company: St. Paul, MN, USA, 1999.
Jansen, K. ‘Forever Chemicals’ No More? These Technologies Aim to Destroy PFAS in Water. Chem. Eng.
News 2019, 97, 1-8.

3. Buck, R.C; Franklin, J.; Berger, U.; Conder, ].M.; Cousins, LT.; de Voogt, P.; Jensen, A.A.; Kannan, K.;
Mabury, S.A.; van Leeuwen, S.P.J. Perfluoroalkyl and Polyfluoroalkyl Substances in the Environment:
Terminology, Classification, and Origins. Integr. Environ. Assess. Manag. 2011, 7, 513-541,
d0i:10.1002/ieam.258.

4. Ebnesajjad, S. Discovery and History of Fluoropolymers. In Introduction to Fluoropolymers, 2nd ed.; Elsevier:
Oxford, UK, 2013; pp. 17-35.

5. OECD Environment Directorate. Toward a New Comprehensive Global Database of Per- and Polyfluoroalkyl
Substances (PFASs): Summary Report on Updating the OECD 2007 List of Per- and Polyfluoroalkyl Substances
(PFASs); Organisation for Economic Co-operation and Development (OECD): Paris, France, 2018.

6.  Dauchy, X,; Boiteux, V.; Bach, C.; Rosin, C.; Munoz, J.F. Per- and Polyfluoroalkyl Substances in Firefighting
Foam Concentrates and Water Samples Collected Near Sites Impacted by the Use of these Foams.
Chemosphere 2017, 183, 53—-61, d0i:10.1016/j.chemosphere.2017.05.056.

7. Tannenbaum, H.P. Non-Stick Coating System with PTFE-FEP for Concentration Gradient. U.S. Patnet
5230961A, 27 July 1993.



Int. ]. Environ. Res. Public Health 2020, 17, 8117 16 of 26

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Whittaker, M.H.; Heine, L. Toxicological and Environmental Issues Associated with Waterproofing and
Water Repellent Formulations. In Waterproof and Water Repellent Textiles and Clothing; Williams, J., Ed.;
Elsevier: Oxford, UK, 2018; pp. 89-120.

Dean, W.S.; Adejumo, H.A.; Caiati, A.; Garay, P.M.; Harmata, A.S.; Li, L.; Rodriguez, E.E.; Sundar, S. A
Framework for Regulation of New and Existing PFAS by EPA. . Sci. Policy Gov. 2020, 16, 14.

ITRC PFAS Team. PFAS Fact Sheets: Naming Conventions and Use; Interstate Technology Regulatory Council:
Washington, DC, USA, 2020.

Wang, Z.; Cousins, I.T.; Scheringer, M.; Hungerbuehler, K. Hazard Assessment of Fluorinated Alternatives
to Long-Chain Perfluoroalkyl Acids (PFAAs) and their Precursors: Status Quo, ongoing Challenges and
Possible Solutions. Environ. Int. 2015, 75, 172-179, d0i:10.1016/j.envint.2014.11.013.

Hekster, F.M.; Laane, RW.P.M.; de Voogt, P. Environmental and Toxicity Effects of Perfluoroalkylated
Substances. In Reviews of Environmental Contamination and Toxicology; Springer: New York, NY, USA, 2003;
Volume 179, pp. 99-121.

Kissa, E. Fluorinated Surfactant Repellents; Marcel Dekker: New York, NY, USA, 2001.

Krafft, M.P.; Riess, ].G. Per- and Polyfluorinated Substances (PFASs): Environmental Challenges. Curr.
Opin. Colloid Interface Sci. 2015, 20, 192-212, d0i:10.1016/j.cocis.2015.07.004.

Suja, F.; Pramanik, B.K;; Zain, S.M. Contamination, Bioaccumulation and Toxic Effects of Perfluorinated
Chemicals (PFCs) in the Water Environment: A Review Paper. Water Sci. Technol. 2009, 60, 1533-1544,
doi:10.2166/wst.2009.504.

Appleman, T.D. Higgins, C.P.; Quifones, O.; Vanderford, B.J.; Kolstad, C.; Zeigler-Holady, ]J.C.;
Dickenson, E.R.V. Treatment of Poly- and Perfluoroalkyl Substances in U.S. Full-Scale Water Treatment
Systems. Water Res. 2014, 51, 246-255, doi:10.1016/j.watres.2013.10.067.

Giesy, J.P.; Kannan, K. Global Distribution of Perfluorooctane Sulfonate in Wildlife. Environ. Sci. Technol.
2001, 35, 1339-1342, doi:10.1021/es001834k.

Brusseau, M.L.; Anderson, R.H.; Guo, B. PFAS Concentrations in Soils: Background Levels Versus
Contaminated Sites. Sci. Total Environ. 2020, 740, 140017, doi:10.1016/j.scitotenv.2020.140017.

Rankin, K.; Mabury, S.A.; Jenkins, T.M.; Washington, JW. A North American and global survey of
perfluoroalkyl substances in surface soils: Distribution patterns and mode of occurrence. Chemosphere 2016,
161, 333-341, doi:10.1016/j.chemosphere.2016.06.109.

Ahrens, L.; Xie, Z.; Ebinghaus, R. Distribution of Perfluoroalkyl Compounds in Seawater from Northern
Europe, Atlantic Ocean, and Southern Ocean. Chemosphere 2010, 78, 1011-1016,
doi:10.1016/j.chemosphere.2009.11.038.

Kwok, K.Y.; Yamazaki, E.; Yamashita, N.; Taniyasu, S.; Murphy, M.B.; Horii, Y.; Petrick, G.; Kallerborn, R.;
Kannan, K.; Murano, K;; et al. Transport of Perfluoroalkyl Substances (PFAS) from an Arctic Glacier to
Downstream Locations: Implications for sources. Sci. Total Environ. 2013, 447, 46-55,
doi:10.1016/j.scitotenv.2012.10.091.

Domingo, J.L.; Nadal, M. Human Exposure to Per- and Polyfluoroalkyl Substances (PFAS) Through
Drinking Water: A Review of the Recent Scientific Literature. Environ. Res. 2019, 177, 108648,
doi:10.1016/j.envres.2019.108648.

Stoiber, T.; Evans, S.; Naidenko, O.V. Disposal of Products and Materials Containing Per- and
Polyfluoroalkyl ~Substances (PFAS): A Cyclical Problem. Chemosphere 2020, 260, 127659,
doi:10.1016/j.chemosphere.2020.127659.

Kelly, B.C.; Ikonomou, M.G,; Blair, J.D.; Surridge, B.; Hoover, D.; Grace, R.; Gobas, F.A.P.C. Perfluoroalkyl
Contaminants in an Arctic Marine Food Web: Trophic Magnification and Wildlife Exposure. Environ. Sci.
Technol. 2009, 43, 40374043, doi:10.1021/es9003894.

ITRC PFAS Team. PFAS Fact Sheet: Fate and Trasnport; Interstate Technology Regulatory Council:
Washington, DC, USA, 2020.

Domingo, J.L. Health risks of Dietary Exposure to Perfluorinated Compounds. Environ. Int. 2012, 40, 187-
195, doi:10.1016/j.envint.2011.08.001.

Tittlemier, S.A.; Pepper, K.; Seymour, C.; Moisey, J.; Bronson, R.; Cao, X.-L.; Dabeka, R W. Dietary Exposure
of Canadians to Perfluorinated Carboxylates and Perfluorooctane Sulfonate via Consumption of Meat,
Fish, Fast Foods, and Food Items Prepared in Their Packaging. J. Agric. Food Chem. 2007, 55, 3203-3210,
doi:10.1021/jf0634045.



Int. ]. Environ. Res. Public Health 2020, 17, 8117 17 of 26

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Simon, J.A.; Abrams, S.; Bradburne, T.; Bryant, D.; Burns, M.; Cassidy, D.; Cherry, J.; Chiang, S.Y.; Cox, D.;
Crimi, M.; et al. PFAS Experts Symposium: Statements on Regulatory Policy, Chemistry and Analtyics,
Toxicology, Transport/Fate, and Remediation for Per- and Polyfluoroalkyl Substances (PFAS)
Contamination Issues. Remediation 2019, 29, 31-48, d0i:10.1002/rem.21624.

Brendel, S.; Fetter, E.; Staude, C.; Vierke, L.; Biegel-Engler, A. Short-Chain Perfluoroalkyl Acids:
Environmental Concerns and a Regulatory Strategy under REACH. Environ. Sci. Eur. 2018, 30, 9,
doi:10.1186/s12302-018-0134-4.

Centers for Disease Control and Prevention. Perfluoroalkyl and Polyfluoroalkyl Substances (PFAS) in the U.S.
Population 2017; Centers for Disease Control and Prevention: Atlanta, GA, USA, 2017.

Ubel, F.A.; Sorenson, S.D.; Roach, D.E. Health Status of Plant Workers Exposed to Fluorochemicals - a
Preliminary Report. Am. Ind. Hyg. Assoc. |. 1980, 41, 584-589, doi:10.1080/15298668091425310.

Bischel, H.N.; Macmanus-Spencer, L.A.; Zhang, C.; Luthy, R.G. Strong associations of short-chain
perfluoroalkyl acids with serum albumin and investigation of binding mechanisms. Environ. Toxicol. Chem.
2011, 30, 2423-2430, doi:10.1002/etc.647.

Jones, P.D.; Hu, W.; De Coen, W.; Newsted, ].L.; Giesy, ].P. Binding of Perfluorinated Fatty Acds to Serum
Proteins. Environ. Toxicol. Chem. 2003, 22, 2639, d0i:10.1897/02-553.

Gaballah, S.; Swank, A.; Sobus, J.R.; Howey, X.M.; Schmid, J.; Catron, T.; McCord, J.; Hines, E.; Strynar, M.;
Tal, T. Evaluation of Developmental Toxicity, Developmental Neurotoxicity, and Tissue Dose in Zebrafish
Exposed to GenX and Other PFAS. Environ. Health Perspect. 2020, 128, 047005, doi:10.1289/EHP5843.
Blake, B.E.; Pinney, S.M.; Hines, E.P.; Fenton, S.E.; Ferguson, K.K. Associations Between Longitudinal
Serum Perfluoroalkyl Substance (PFAS) Levels and Measures of Thyroid Hormone, Kidney Function, and
Body Mass Index in the Fernald Community Cohort. Environ. Pollut. 2018, 242, 894-904,
doi:10.1016/j.envpol.2018.07.042.

Klaunig, J.E.; Shinohara, M.; Iwai, H.; Chengelis, C.P.; Kirkpatrick, ].B.; Wang, Z.; Bruner, R.H. Evaluation
of the Chronic Toxicity and Carcinogenicity of Perfluorohexanoic Acid (PFHxA) in Sprague-Dawley Rats.
Toxicol. Pathol. 2015, 43, 209-220, doi:10.1177/0192623314530532.

Dewitt, J.C; Peden-Adams, M.M.; Keller, JM.; Germolec, D.R. Immunotoxicity of Perfluorinated
Compounds: Recent Developments. Toxicol. Pathol. 2012, 40, 300-311, doi:10.1177/0192623311428473.
Jiang, Q.; Gao, H., Zhang, L. Metabolic Effects PFAS. In Toxicological Effects of Perfluoroalkyl and
Polyfluoroalkyl Substances; DeWitt, ].C., Ed.; Molecular and Integrative Toxicology; Springer International
Publishing: Cham, Swizerland, 2015; pp. 177-201. ISBN 978-3-319-15518-0.

Olsen, G.W.; Zobel, L.R. Assessment of Lipid, Hepatic, and Thyroid Parameters with Serum
Perfluorooctanoate (PFOA) Concentrations in Fluorochemical Production Workers. Int. Arch. Occup.
Environ. Health 2007, 81, 231-246, d0i:10.1007/s00420-007-0213-0.

Raleigh, K.K.; Alexander, B.H.; Olsen, G.W.; Ramachandran, G.; Morey, S.Z.; Church, T.R.; Logan, P.W.;
Scott, L.L.F.; Allen, E!M. Mortality and Cancer Incidence in Ammonium Perfluorooctanoate Production
Workers. Occup. Environ. Med. 2014, 71, 500-506, d0i:10.1136/0oemed-2014-102109.

US EPA. Provisional Health Advisories for Perfluorooctanoic Acid (PFOA) and Perfluorooctane Sulfonate (PFOS)
2009; US EPA: Washington, DC, USA, 2009.

US EPA. Third Unregulated Contaminant Monitoring Rule. US EPA 2012; US EPA: Washington, DC, USA,
2012.

US EPA. Drinking Water Health Advisory for Perfluorooctane Sulfonate (PFOS); US EPA: Washington, DC,
USA, 2016; pp. 1-103.

US EPA. Drinking Water Health Advisory for Perfluorooctanoic Acid (PFOA); US EPA: Washington, DC, USA,
2016; pp. 1-103.

Roy, N.D.; Gold, H.D.; Jacobson, R.; Ruckriedgle, H. Regulatory Challenges Posed by Emerging Contaminants.
Water Resour; Water Resources Committee Newsletter: Chicago, IL, USA, 2018; Volume 20.

Toskos, T.; Panagiotakis, I.; Dermatas, D. Per- and polyfluoroalkyl substances — Challenges associated with
a family of ubiquitous emergent contaminants. Waste Manag. Res. 2019, 37, 449451,
doi:10.1177/0734242X19843085.

Kwiatkowski, C.F.; Andrews, D.Q.; Birnbaum, L.S.; Bruton, T.A.; DeWitt, ].C.; Knappe, D.R.U.; Maffini,
M.V,; Miller, M.F.; Pelch, K.E.; Reade, A; et al. Scientific Basis for Managing PFAS as a Chemical Class.
Environ. Sci. Technol. Lett. 2020, 7, 532-543, doi:10.1021/acs.estlett.0c00255.



Int. ]. Environ. Res. Public Health 2020, 17, 8117 18 of 26

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Wightman, S.; Kray, J. Emerging Water Contaminants Update: Uncertainty Remains Despite Regulatory
Action. Available online: https://cswab.org/wp-content/uploads/2018/02/PF AS-State-Regulatory-Actions-
to-Date-Sept-2017-Marten-Law.pdf (accessed on 10 June 2020).

Winkens, K.; Koponen, J.; Schuster, ].; Shoeib, M.; Vestergren, R.; Berger, U.; Karvonen, A.M.; Pekkanen, J.;
Kiviranta, H.; Cousins, L.T. Perfluoroalkyl Acids and their Precursors in Indoor Air Sampled in Children’s
Bedrooms. Environ. Pollut. 2017, 222, 423-432, doi:10.1016/j.envpol.2016.12.010.

Sunderland, E.M.; Hu, X.C.; Dassuncao, C.; Tokranov, A.K.; Wagner, C.C.; Allen, ].G. A Review of the
Pathways of Human Exposure to Poly- and Perfluoroalkyl Substances (PFASs) and Present Understanding
of Health Effects. J. Expo. Sci. Environ. Epidemiol. 2019, 29, 131-147, d0i:10.1038/s41370-018-0094-1.
ITRCPFAS Team. PFAS Water and Soil Values Table; Interstate Technology Regulatory Council: Washington,
DC, USA, 2020.

Kempisty, D.; Yun, X.; Racz, L. Introduction. In Perfluoroalkyl Substances in the Environment Theory, Practice,
and Innovation; Kempisty, D., Xing yun;Racz, L., Eds.; CRC Publiser: Boca Raton, FL, USA, 2018.

Olsen, G.W.; Chang, S.-C.; Noker, P.E.; Gorman, G.S.; Ehresman, D.J.; Lieder, P.H.; Butenhoff, J.L. A
Comparison of the Pharmacokinetics of Perfluorobutanesulfonate (PFBS) in Rats, Monkeys, and Humans.
Toxicology 2009, 256, 65-74, doi:10.1016/j.tox.2008.11.008.

Kotlarz, N.; McCord, J.; Collier, D.; Lea, C.S.; Strynar, M.; Lindstrom, A.B.; Wilkie, A.A_; Islam, ].Y.; Matney,
K.; Tarte, P.; et al. Measurement of Novel, Drinking Water-Associated PFAS in Blood from Adults and
Children in Wilmington, North Carolina. Environ. Health Perspect. 2020, 128, 077005, doi:10.1289/EHP6837.
Sun, M.; Arevalo, E.; Strynar, M.; Lindstrom, A.; Richardson, M.; Kearns, B.; Pickett, A.; Smith, C.; Knappe,
D.R.U. Legacy and Emerging Perfluoroalkyl Substances Are Important Drinking Water Contaminants in
the Cape Fear River Watershed of North Carolina. Enwviron. Sci. Technol. Lett. 2016, 3, 415-419,
doi:10.1021/acs.estlett.6b00398.

Gebbink, W.A,; Van Asseldonk, L.; Van Leeuwen, S.P.J. Presence of Emerging Per- and Polyfluoroalkyl
Substances (PFASs) in River and Drinking Water near a Fluorochemical Production Plant in the
Netherlands. Environ. Sci. Technol. 2017, 51, 11057-11065, d0i:10.1021/acs.est.7b02488.

Wang, Z.; Cousins, L.T.; Scheringer, M.; Hungerbiihler, K. Fluorinated Alternatives to Long-Chain
Perfluoroalkyl Carboxylic Acids (PFCAs), Perfluoroalkane Sulfonic Acids (PFSAs) and their Potential
Precursors. Environ. Int. 2013, 60, 242-248, doi:10.1016/j.envint.2013.08.021.

Butt, CM., Muir, D.C.G; Mabury, S.A. Biotransformation Pathways of Fluorotelomer-based
Polyfluoroalkyl Substances: A Review. Environ. Toxicol. Chem. 2014, 33, 243-267, d0i:10.1002/etc.2407.
Blum, A.; Balan, S.A.; Scheringer, M.; Trier, X.; Goldenman, G.; Cousins, I.T.; Diamond, M.; Fletcher, T.;
Higgins, C.; Lindeman, A.E.; et al. The Madrid Statement on Poly- and Perfluoroalkyl Substances (PFASs).
Environ. Health Perspect. 2015, 123, A107-A111, doi:10.1289/ehp.1509934.

ITRC PFAS Team. PFAS Fact sheets: Physical and Chemical Properties; Interstate Technology Regulatory
Council: Washington, DC, USA, 2020.

O’Hagan, D. Understanding Organofluorine Chemistry. An Introduction to the C-F Bond. Chem. Soc. Rev.
2008, 37, 308-319, doi:10.1039/B711844A.

Gagliano, E.; Sgroi, M.; Falciglia, P.P.; Vagliasindi, F.G.A.; Roccaro, P. Removal of Poly- and Perfluoroalkyl
Substances (PFAS) from Water by Adsorption: Role of PFAS Chain Length, Effect of Organic Matter and
Challenges in Adsorbent Regeneration. Water Res. 2020, 171, 115381, d0i:10.1016/j.watres.2019.115381.
Trautmann, A.M.; Schell, H.; Schmidt, KR.; Mangold, K.-M.; Tiehm, A. Electrochemical Degradation of
Perfluoroalkyl and Polyfluoroalkyl Substances (PFASs) in Groundwater. Water Sci. Technol. 2015, 71, 1569-
1575, doi:10.2166/wst.2015.143.

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

Place, B.J.; Field, ]J.A. Identification of Novel Fluorochemicals in Aqueous Film-Forming Foams Used by
the US Military. Environ. Sci. Technol. 2012, 46, 7120-7127, doi:10.1021/es301465n.

Barzen-Hanson, K.A.; Davis, S.E.; Kleber, M.; Field, J.A. Sorption of Fluorotelomer Sulfonates,
Fluorotelomer Sulfonamido Betaines, and a Fluorotelomer Sulfonamido Amine in National Foam Aqueous
Film-Forming Foam to Soil. Environ. Sci. Technol. 2017, 51, 12394-12404, doi:10.1021/acs.est.7b03452.



Int. ]. Environ. Res. Public Health 2020, 17, 8117 19 of 26

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Lee, H.; Mabury, S.A. Sorption of Perfluoroalkyl Phosphonates and Perfluoroalkyl Phosphinates in Soils.
Environ. Sci. Technol. 2017, 51, 3197-3205, doi:10.1021/acs.est.6b04395.

US EPA Basic Information on PFAS. Available online: https://www.epa.gov/pfas/basic-information-pfas
(accessed on 5 June 2020).

Higgins, C.P.; Luthy, R.G. Sorption of Perfluorinated Surfactants on Sediments. Environ. Sci. Technol. 2006,
40, 7251-7256, d0i:10.1021/es061000n.

Wen, W.; Xia, X;; Hu, D.; Zhou, D.; Wang, H.; Zhai, Y.; Lin, H. Long-Chain Perfluoroalkyl Acids (PFAAs)
Affect the Bioconcentration and Tissue Distribution of Short-Chain PFAAs in Zebrafish (Danio rerio).
Environ. Sci. Technol. 2017, 51, 12358-12368, doi:10.1021/acs.est.7b03647.

Prevedouros, K., Cousins, LT, Buck, R.C.; Korzeniowski, S.H. Sources, Fate and Transport of
Perfluorocarboxylates. Environ. Sci. Technol. 2006, 40, 3244, doi:10.1021/es0512475.

Boulanger, B.; Vargo, ].D.; Schnoor, J.L.; Hornbuckle, K.C. Evaluation of Perfluorooctane Surfactants in a
Wastewater Treatment System and in a Commercial Surface Protection Product. Environ. Sci. Technol. 2005,
39, 5524-5530, d0i:10.1021/es050213u.

Harada, K.; Saito, N.; Sasaki, K.; Inoue, K.; Koizumi, A. Perfluorooctane Sulfonate Contamination of
Drinking Water in the Tama River, Japan: Estimated Effects on Resident Serum Levels. Bull. Environ.
Contam. Toxicol. 2003, 71, 31-36, d0i:10.1007/s00128-003-0126-x.

Mahinroosta, R.; Senevirathna, L. A Review of the Emerging Treatment Technologies for PFAS
Contaminated Soils. . Environ. Manag. 2020, 255, 109896, doi:10.1016/j.jenvman.2019.109896.

Park, M.; Wu, S.; Lopez, L].; Chang, J.Y.; Karanfil, T.; Snyder, S.A. Adsorption of Perfluoroalkyl Substances
(PFAS) in Groundwater by Granular Activated Carbons: Roles of Hydrophobicity of PFAS and Carbon
Characteristics. Water Res. 2020, 170, 115364, d0i:10.1016/j.watres.2019.115364.

Gallen, C; Drage, D.; Eaglesham, G.; Grant, S.; Bowman, M.; Mueller, J.F. Australia-Wide Assessment of
Perfluoroalkyl Substances (PFASs) in Landfill Leachates. |. Hazard. Mater. 2017, 331, 132-141,
doi:10.1016/j.jhazmat.2017.02.006.

Zemba, S. PFAS Cycling Between Landfills and WWTPs. In Proceedings of the Environmental Research
and Education Summit (EREF), Ann Arbor, MI, USA, 14-15 August 2019.

Stroski, KM.; Luong, K.H.; Challis, ].K.; Chaves-Barquero, L.G.; Hanson, M.L.; Wong, C.S. Wastewater
Sources of Per- and Polyfluorinated alkyl Substances (PFAS) and Pharmaceuticals in four Canadian Arctic
Communities. Sci. Total Environ. 2020, 708, 134494, doi:10.1016/j.scitotenv.2019.134494.

Chen, S.; Zhou, Y.; Meng, J.; Wang, T. Seasonal and Annual Variations in Removal Efficiency of
Perfluoroalkyl Substances by Different Wastewater Treatment Processes. Environ. Pollut. 2018, 242, 2059—
2067, doi:10.1016/j.envpol.2018.06.078.

Venkatesan, A.K.; Halden, R.U. National Inventory of Perfluoroalkyl Substances in Archived U.S. Biosolids
from the 2001 EPA National Sewage Sludge Survey. ]. Hazard. Mater. 2013, 252-253, 413-418,
doi:10.1016/j.jhazmat.2013.03.016.

Lindstrom, A.B.; Strynar, M.].; Delinsky, A.D.; Nakayama, S.F.; McMillan, L.; Libelo, E.L.; Neill, M.;
Thomas, L. Application of WWTP Biosolids and Resulting Perfluorinated Compound Contamination of
Surface and Well Water in Decatur, Alabama, USA. Environ. Sci. Technol. 2011, 45, 8015-8021,
doi:10.1021/es1039425.

Masoner, J.; Kolpin, D.; Cozzarellj, I.; Smalling, K.; Bolyard, S.; Field, ].; Furlong, E.; Gray, J.; Lozinski, D.;
Reinhart, D.; et al. Landfill Leachate Contributes Per-/Poly-Fluoroalkyl Substances (PFAS) and
Pharmaceuticals to Municipal Wastewater. Environ. Sci. Water Res. Technol. 2020, doi:10.1039/DOEW00045K.
Sierra Club Team. PFAS in Biosolids. Available online:
https://content.sierraclub.org/grassrootsnetwork/sites/content.sierraclub.org.activistnetwork/files/teams/d
ocuments/PFASinBiosolidsdocx-formatted.pdf (accessed on 21 July 2020).

Ghisi, R,; Vamerali, T., Manzetti, S. Accumulation of Perfluorinated Alkyl Substances (PFAS) in
Agricultural Plants: A Review. Environ. Res. 2019, 169, 326-341, doi:10.1016/j.envres.2018.10.023.

Zhang, H,; Liu, W.; He, X;; Wang, Y.; Zhang, Q. Uptake of Perfluoroalkyl Acids in the Leaves of Coniferous
and Deciduous Broad-Leaved Trees. Environ. Toxicol. Chem. 2015, 34, 1499-1504, d0i:10.1002/etc.2968.
Stein, C.R.; McGovern, K.J.; Pajak, A.M.; Maglione, P.J.; Wolff, M.S. Perfluoroalkyl and Polyfluoroalkyl
Substances and Indicators of Immune Function in Children Aged 12-19 y: National Health and Nutrition
Examination Survey. Pediatr. Res. 2016, 79, 348-357, d0i:10.1038/pr.2015.213.



Int. ]. Environ. Res. Public Health 2020, 17, 8117 20 of 26

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Barry, V.; Winquist, A.; Steenland, K. Perfluorooctanoic Acid (PFOA) Exposures and Incident Cancers
Among Adults Living Near a Chemical Plant. Environ. Health Perspect. 2013, 121, 1313-1318,
doi:10.1289/ehp.1306615.

Landsteiner, A.; Huset, C.; Williams, A.; Johnson, J. Biomonitoring for Perfluorochemicals in a Minnesota
Community with known Drinking Water Contamination. J. Environ. Health 2014, 77, 14-19.

ITRC PFAS Team. PFAS Fact Sheets: Firefighting Foams; Interstate Technology Regulatory Council:
Washington, DC, USA, 2020.

Ahrens, L.; Norstrom, K.; Viktor, T.; Cousins, A.P.; Josefsson, S. Stockholm Arlanda Airport as a Source of
Per- and Polyfluoroalkyl Substances to Water, Sediment and Fish. Chemosphere 2015, 129, 33-38,
doi:10.1016/j.chemosphere.2014.03.136.

Hoiseeter, A.; Pfaff, A.; Breedveld, G.D. Leaching and Transport of PFAS from Aqueous Film-Forming
Foam (AFFF) in the Unsaturated Soil at a Firefighting Training Facility under Cold Climatic Conditions. J.
Contam. Hydrol. 2019, 222, 112-122, doi:10.1016/j.jconhyd.2019.02.010.

Dauchy, X.; Boiteux, V.; Colin, A.; Hémard, ]J.; Bach, C.; Rosin, C.; Munoz, J.-F. Deep Seepage of Per- and
Polyfluoroalkyl Substances through the Soil of a Firefighter Training Site and Subsequent Groundwater
Contamination. Chemosphere 2019, 214, 729-737, d0i:10.1016/j.chemosphere.2018.10.003.

Dauchy, X.; Boiteux, V.; Colin, A.; Bach, C.; Rosin, C.; Munoz, J.-F. Poly- and Perfluoroalkyl Substances in
Runoff Water and Wastewater Sampled at a Firefighter Training Area. Arch. Environ. Contam. Toxicol. 2019,
76, 206-215, doi:10.1007/s00244-018-0585-z.

Munoz, G.; Desrosiers, M.; Duy, S.V.; Labadie, P.; Budzinski, H.; Liu, J.; Sauvé, S. Environmental
Occurrence of Perfluoroalkyl Acids and Novel Fluorotelomer Surfactants in the Freshwater Fish
Catostomus commersonii and Sediments Following Firefighting Foam Deployment at the Lac-Mégantic
Railway Accident. Environ. Sci. Technol. 2017, 51, 1231-1240, d0i:10.1021/acs.est.6b05432.

Scher, D.P.; Kelly, J.E.; Huset, C.A.; Barry, KM.; Hoffbeck, R.W.; Yingling, V.L.; Messing, R.B. Occurrence
of Perfluoroalkyl Substances (PFAS) in Garden Produce at Homes with a history of PEAS-Contaminated
Drinking Water. Chemosphere 2018, 196, 548-555, doi:10.1016/j.chemosphere.2017.12.179.

Davis, K.L; Aucoin, M.D.; Larsen, B.S.; Kaiser, M.A.; Hartten, A.S. Transport of ammonium
perfluorooctanoate in environmental media near a fluoropolymer manufacturing facility. Chemosphere
2007, 67, 20112019, doi:10.1016/j.chemosphere.2006.11.049.

Cahoon, L.B. GenX in Cape Fear River Water Was Only One Part of the PFAS Story in North Carolina.
Contam. Our Water Identif. Remediat. Methods 2020, 1352,91-103, doi:10.1021/bk-2020-1352.ch005.

Galloway, J.E.; Moreno, A.V.P.; Lindstrom, A.B.; Strynar, M.].; Newton, S.; May, A.A.; May, A.A.; Weavers,
L.K.; Weavers, L.K. Evidence of Air Dispersion: HFPO-DA and PFOA in Ohio and West Virginia Surface
Water and Soil near a Fluoropolymer Production Facility. Environ. Sci. Technol. 2020, 54, 7175-7184,
doi:10.1021/acs.est.9b07384.

Shin, H.-M.; Vieira, V.M,; Ryan, P.B.; Detwiler, R.; Sanders, B.; Steenland, K.; Bartell, S.M. Environmental
Fate and Transport Modeling for Perfluorooctanoic Acid Emitted from the Washington Works Facility in
West Virginia. Environ. Sci. Technol. 2011, 45, 1435-1442, doi:10.1021/es102769t.

Milley, S.A.; Koch, I; Fortin, P.; Archer, J.; Reynolds, D.; Weber, K.P. Estimating the Number of Airports
Potentially Contaminated with Perfluoroalkyl and Polyfluoroalkyl Substances from Aqueous Film
Forming  Foam: A Canadian Example. ] Environ. Manag. 2018, 222, 122-131,
doi:10.1016/j.jenvman.2018.05.028.

Anderko, L.; Pennea, E. Exposures to Per-and Polyfluoroalkyl Substances (PFAS): Potential Risks to
Reproductive and Children’s Health. Curr. Probl. Pediatr. Adolesc. Health Care 2020, 50, 100760,
doi:10.1016/j.cppeds.2020.100760.

Hu, X.C; Andrews, D.Q.; Lindstrom, A.B.; Bruton, T.A.; Schaider, L.A.; Grandjean, P.; Lohmann, R.;
Carignan, C.C.; Blum, A.; Balan, S.A.; et al. Detection of Poly- and Perfluoroalkyl Substances (PFASs) in
U.S. Drinking Water Linked to Industrial Sites, Military Fire Training Areas, and Wastewater Treatment
Plants. Environ. Sci. Technol. Lett. 2016, 3, 344-350, d0i:10.1021/acs.estlett.6b00260.

Backe, W.J.; Day, T.C.; Field, J.A. Zwitterionic, Cationic, and Anionic Fluorinated Chemicals in Aqueous
Film Forming Foam Formulations and Groundwater from U.S. Military Bases by Nonaqueous Large-
Volume Injection HPLC-MS/MS. Environ. Sci. Technol. 2013, 47, 5226-5234, d0i:10.1021/es3034999.



Int. ]. Environ. Res. Public Health 2020, 17, 8117 21 of 26

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Lang, J.R.; Allred, B.M.K; Field, J.A.; Levis, ].W.; Barlaz, M.A. National Estimate of Per- and Polyfluoroalkyl
Substance (PFAS) Release to U.S. Municipal Landfill Leachate. Environ. Sci. Technol. 2017, 51, 2197-2205,
doi:10.1021/acs.est.6b05005.

Eggen, T.; Moeder, M.; Arukwe, A. Municipal Landfill Leachates: A Significant Source for New and
Emerging Pollutants. Sci. Total Environ. 2010, 408, 5147-5157, d0i:10.1016/j.scitotenv.2010.07.049.

Busch, J.; Ahrens, L.; Sturm, R.; Ebinghaus, R. Polyfluoroalkyl Compounds in Landfill Leachates. Environ.
Pollut. 2010, 158, 1467-1471, doi:10.1016/j.envpol.2009.12.031.

Benskin, J.P.; Li, B.; Ikonomou, M.G.; Grace, ].R.; Li, L.Y. Per- and Polyfluoroalkyl Substances in Landfill
Leachate: Patterns, Time Trends, and Sources. Environ. Sci. Technol. 2012, 46, 11532-11540,
doi:10.1021/es302471n.

Li, B.; Danon-Schaffer, M.N.; Li, L.Y.; Ikonomou, M.G.; Grace, J.R. Occurrence of PFCs and PBDEs in
Landfill Leachates from Across Canada. Water, Air, Soil Pollut. 2012, 223, 3365-3372, d0i:10.1007/s11270-
012-1115-7.

Hamid, H.; Li, L.Y.; Grace, J.R. Review of the Fate and Transformation of Per- and Polyfluoroalkyl
Substances (PFASs) in Landfills. Environ. Pollut. 2018, 235, 74-84, doi:10.1016/j.envpol.2017.12.030.

Wei, Z.; Xu, T.; Zhao, D. Treatment of Per- and Polyfluoroalkyl Substances in Landfill Leachate: Status,
Chemistry and Prospects. Environ. Sci. Water Res. Technol. 2019, 5, 1814-1835, doi:10.1039/CI9EWO00645A.
Huset, C.A.; Barry, KM. Quantitative Determination of Perfluoroalkyl Substances (PFAS) in Soil, Water,
and Home Garden Produce. MethodsX 2018, 5, 697-704, doi:10.1016/j.mex.2018.06.017.

Allred, BM.K,; Lang, J.R;; Barlaz, M.A; Field, J.A. Physical and Biological Release of Poly- and
Perfluoroalkyl Substances (PFASs) from Municipal Solid Waste in Anaerobic Model Landfill Reactors.
Environ. Sci. Technol. 2015, 49, 7648-7656, d0i:10.1021/acs.est.5b01040.

Fuertes, I.; Gémez-Lavin, S.; Elizalde, M.P.; Urtiaga, A. Perfluorinated Alkyl Substances (PFASs) in
Northern Spain Municipal Solid Waste Landfill Leachates. Chemosphere 2017, 168, 399-407,
doi:10.1016/j.chemosphere.2016.10.072.

Ahrens, L.; Shoeib, M.; Harner, T.; Lee, S.C.; Guo, R.; Reiner, E.J. Wastewater Treatment Plant and Landfills
as Sources of Polyfluoroalkyl Compounds to the Atmosphere. Environ. Sci. Technol. 2011, 45, 8098-8105,
do0i:10.1021/es1036173.

Weinberg, I, Dreyer, A., Ebinghaus, R. Landfills as Sources of Polyfluorinated Compounds,
Polybrominated Diphenyl Ethers and Musk Fragrances to Ambient Air. Atmos. Environ. 2011, 45, 935-941,
doi:10.1016/j.atmosenv.2010.11.011.

Becker, A.M.; Gerstmann, S.; Frank, H. Perfluorooctane Surfactants in Wastewaters, the Major Source of
River Pollution. Chemosphere 2008, 72, 115-121, d0i:10.1016/j.chemosphere.2008.01.009.

Chen, H.; Zhang, C.; Han, J.; Yu, Y.; Zhang, P. PFOS and PFOA in Influents, Effluents, and Biosolids of
Chinese Wastewater Treatment Plants and Effluent-Receiving Marine Environments. Environ. Pollut. 2012,
170, 26-31, d0i:10.1016/j.envpol.2012.06.016.

Coggan, T.L.; Moodie, D.; Kolobaric, A.; Szabo, D.; Shimeta, J.; Crosbie, N.D.; Lee, E.; Fernandes, M.; Clarke,
B.O. An Investigation into Per- and Polyfluoroalkyl Substances (PFAS) in Nineteen Australian Wastewater
Treatment Plants (WWTPs). Heliyon 2019, 5, 02316, d0i:10.1016/j.heliyon.2019.e02316.

Gallen, C.; Eaglesham, G.; Drage, D.; Nguyen, T.H.; Mueller, J.F. A Mass Estimate of Perfluoroalkyl
Substance (PFAS) Release from Australian Wastewater Treatment Plants. Chemosphere 2018, 208, 975-983,
doi:10.1016/j.chemosphere.2018.06.024.

Shoeib, M.; Harner, T.; Vlahos, P. Perfluorinated Chemicals in the Arctic Atmosphere. Environ. Sci. Technol.
2006, 40, 7577-7583, doi:10.1021/es0618999.

Beser, M.I; Pardo, O.; Beltran, J.; Yusa, V. Determination of Per- and Polyfluorinated Substances in
Airborne Particulate Matter by Microwave-Assisted Extraction and Liquid Chromatography-Tandem
Mass Spectrometry. |. Chromatogr. A 2011, 1218, 48474855, doi:10.1016/j.chroma.2011.04.082.

Harada, K.; Nakanishi, S.; Saito, N.; Tsutsui, T.; Koizumi, A. Airborne Perfluorooctanoate May Be a
Substantial Source Contamination in Kyoto Area, Japan. Bull. Environ. Contam. Toxicol. 2005, 74, 64-69,
doi:10.1007/s00128-004-0548-0.

Sasaki, K.; Harada, K.; Saito, N.; Tsutsui, T.; Nakanishi, S.; Tsuzuki, H.; Koizumi, A. Impact of Airborne
Perfluorooctane Sulfonate on the Human Body Burden and the Ecological System. Bull. Environ. Contam.
Toxicol. 2003, 71, 408-413, d0i:10.1007/s00128-003-0179-x.



Int. ]. Environ. Res. Public Health 2020, 17, 8117 22 of 26

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Ahrens, L.; Bundschuh, M. Fate and Effects of Poly- and Perfluoroalkyl Substances in the Aquatic
Environment: A Review. Environ. Toxicol. Chem. 2014, 33, 1921-1929, do0i:10.1002/etc.2663.

Guelfo, J.L.; Higgins, C.P. Subsurface Transport Potential of Perfluoroalkyl Acids at Aqueous Film-
Forming Foam (AFFF)-Impacted Sites. Environ. Sci. Technol. 2013, 47, 4164-4171, d0i:10.1021/es3048043.
Sepulvado, J.G.; Blaine, A.C.; Hundal, L.S.; Higgins, C.P. Occurrence and Fate of Perfluorochemicals in Soil
Following the Land Application of Municipal Biosolids. Environ. Sci. Technol. 2011, 45, 8106-8112,
d0i:10.1021/es103903d.

Campos Pereira, H.; Ullberg, M.; Kleja, D.B.; Gustafsson, J.P.; Ahrens, L. Sorption of Perfluoroalkyl
Substances (PFASs) to an Organic Soil Horizon — Effect of Cation Composition and pH. Chemosphere 2018,
207, 183-191, doi:10.1016/j.chemosphere.2018.05.012.

Brusseau, M.L. Assessing the Potential Contributions of Additional Retention Processes to PFAS
Retardation in the Subsurface. Sci. Total Environ. 2018, 613-614, 176-185, doi:10.1016/j.scitotenv.2017.09.065.
Serli, ].B.; Lag, M.; Ekeren, L.; Perez-Gil, J.; Haug, L.S; Da Silva, E.; Matrod, M.N.; Giitzkow, K.B,;
Lindeman, B. Per- and Polyfluoroalkyl Substances (PFASs) Modify Lung Surfactant Function and Pro-
Inflammatory Responses in Human Bronchial Epithelial Cells. Toxicol. Vitr. 2020, 62, 104656,
doi:10.1016/j.tiv.2019.104656.

Du, Z; Deng, S.; Bei, Y.; Huang, Q.; Wang, B.; Huang, J.; Yu, G. Adsorption Behavior and Mechanism of
Perfluorinated Compounds on Various Adsorbents—A Review. ]. Hazard. Mater. 2014, 274, 443-454,
doi:10.1016/j.jhazmat.2014.04.038.

Phong Vo, H.N.; Ngo, HH.; Guo, W.; Hong Nguyen, T.M.; Li, J.; Liang, H.; Deng, L.; Chen, Z.; Hang
Nguyen, T.A. Poly-and Perfluoroalkyl Substances in Water and Wastewater: A Comprehensive Review
from Sources to Remediation. J. Water Process Eng. 2020, 36, 101393, d0i:10.1016/j.jwpe.2020.101393.
Rahman, M.F.; Peldszus, S.; Anderson, W.B. Behaviour and Fate of Perfluoroalkyl and Polyfluoroalkyl
Substances (PFASs) in Drinking Water Treatment: A Review. Water Res. 2014, 50, 318-340,
doi:10.1016/j.watres.2013.10.045.

Li, Y.; Oliver, D.P.; Kookana, R.S. A Critical Analysis of Published Data to Discern the Role of Soil and
Sediment Properties in Determining Sorption of Per and Polyfluoroalkyl Substances (PFASs). Sci. Total
Environ. 2018, 628-629, 110-120, doi:10.1016/j.scitotenv.2018.01.167.

Kwon, Y.-N.; Shih, K.; Tang, C.; Leckie, J.O. Adsorption of Perfluorinated Compounds on Thin-Film
Composite Polyamide Membranes. J. Appl. Polym. Sci. 2012, 124, 1042-1049, d0i:10.1002/app.35182.

You, C,; Jia, C; Pan, G. Effect of Salinity and Sediment Characteristics on the Sorption and Desorption of
Perfluorooctane Sulfonate at Sediment-Water Interface. Environ. Pollut. 2010, 158, 1343-1347,
doi:10.1016/j.envpol.2010.01.009.

Stahl, T.; Heyn, J.; Thiele, H.; Hiither, J.; Failing, K.; Georgii, S.; Brunn, H. Carryover of Perfluorooctanoic
Acid (PFOA) and Perfluorooctane Sulfonate (PFOS) from Soil to Plants. Arch. Environ. Contam. Toxicol. 2009,
57,289-298, doi:10.1007/s00244-008-9272-9.

Furl, C; Meredith, C. Perfluorinated Compounds in Washington Rivers and Lakes; Washington State
Department of Ecology: Washington, DC, USA, 2010.

ITRC PFAS Team. PFAS Fact Sheet: Health Effects; Interstate Technology Regulatory Council: Washington,
DC, USA, 2020.

Papadopoulou, E.; Sabaredzovic, A.; Namork, E.; Nygaard, U.C.; Granum, B.; Haug, L.S. Exposure of
Norwegian Toddlers to Perfluoroalkyl Substances (PFAS): The Association with Breastfeeding and
Maternal PFAS Concentrations. Environ. Int. 2016, 94, 687-694, d0i:10.1016/j.envint.2016.07.006.

Wang, Z.; Cousins, I.T.; Scheringer, M.; Buck, R.C.; Hungerbiihler, K. Global Emission Inventories for C4—
C14 Perfluoroalkyl Carboxylic Acid (PFCA) Homologues from 1951 to 2030, Part I: Production and
Emissions from Quantifiable Sources. Environ. Int. 2014, 70, 62-75, doi:10.1016/j.envint.2014.04.013.
Ahrens, L. Polyfluoroalkyl Compounds in the Aquatic Environment: A Review of their Occurrence and
Fate. . Environ. Monit. 2011, 13, 20-31, d0i:10.1039/COEMO00373E.

Crone, B.C.; Speth, T.F.; Wahman, D.G.; Smith, S.J.; Abulikemu, G.; Kleiner, E.J.; Pressman, J.G. Occurrence
of Per- and Polyfluoroalkyl Substances (PFAS) in Source Water and their Treatment in Drinking Water.
Crit. Rev. Environ. Sci. Technol. 2019, 49, 2359-2396, d0i:10.1080/10643389.2019.1614848.

Rodriguez-Freire, L.; Balachandran, R.; Sierra-Alvarez, R.; Keswani, M. Effect of Sound Frequency and
Initial Concentration on the Sonochemical Degradation of Perfluorooctane Sulfonate (PFOS). J. Hazard.
Mater. 2015, 300, 662-669, d0i:10.1016/j.jhazmat.2015.07.077.



Int. ]. Environ. Res. Public Health 2020, 17, 8117 23 of 26

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Dombrowski, P.M.; Kakarla, P.; Caldicott, W.; Chin, Y.; Sadeghi, V.; Bogdan, D.; Barajas-Rodriguez, F.;
Chiang, S.-Y.D. Technology Review and Evaluation of Different Chemical Oxidation Conditions on
Treatability of PFAS. Remediat. ]. 2018, 28, 135-150, d0i:10.1002/rem.21555.

Vecitis, C.D.; Park, H.; Cheng, J.; Mader, B.T.; Hoffmann, M.R. Kinetics and Mechanism of the Sonolytic
Conversion of the Aqueous Perfluorinated Surfactants, Perfiuorooctanoate (PFOA), and Perfluorooctane
Sulfonate (PFOS) into Inorganic Products. J. Phys. Chem. A 2008, 112, 4261-4270, doi:10.1021/jp801081y.
ITRC PFAS Team. PFAS Fact Sheets: Remediation Technologies; Interstate Technology Regulatory Council:
Washington, DC, USA, 2020.

Nzeribe, B.N.; Crimi, M.; Mededovic Thagard, S.; Holsen, T.M. Physico-Chemical Processes for the
Treatment of Per- And Polyfluoroalkyl Substances (PFAS): A review. Crit. Rev. Environ. Sci. Technol. 2019,
49, 866-915, d0i:10.1080/10643389.2018.1542916.

Ross, I.; McDonough, J.; Miles, J.; Storch, P.; Thelakkat Kochunarayanan, P.; Kalve, E.; Hurst, J.; Dasgupta,
S.S.; Burdick, J. A Review of Emerging Technologies for Remediation of PFASs. Remediation 2018, 28, 101-
126, d0i:10.1002/rem.21553.

Merino, N.; Qu, Y.; Deeb, R.A.; Hawley, E.L.; Hoffmann, M.R.; Mahendra, S. Degradation and Removal
Methods for Perfluoroalkyl and Polyfluoroalkyl Substances in Water. Environ. Eng. Sci. 2016, 33, 615-649,
d0i:10.1089/ees.2016.0233.

Scheringer, M.; Trier, X.; Cousins, I.T.; de Voogt, P.; Fletcher, T.; Wang, Z.; Webster, T.F. Helsingor
Statement on Poly- and Perfluorinated Alkyl Substances (PFASs). Chemosphere 2014, 114, 337-339,
doi:10.1016/j.chemosphere.2014.05.044.

Dickenson, E.R.V.; Verdugo, E.M. Perfluoroalkyl Substances in the Environment; CRC Press: Boca Raton, FL,
USA, 2018; pp. 241-254.

Rayne, S.; Forest, K. Perfluoroalkyl Sulfonic and Carboxylic Acids: A Critical Review of Physicochemical
Properties, Levels and Patterns in Waters and Wastewaters, and Treatment Methods. J. Environ. Sci. Heal.
Part A 2009, 44, 1145-1199, do0i:10.1080/10934520903139811.

Horst, J.; McDonough, J.; Ross, I; Houtz, E. Understanding and Managing the Potential By-Products of
PFAS Destruction. Groundw. Monit. Remediat. 2020, 40, 17-27, d0i:10.1111/gwmr.12372.

Xiao, F. Emerging Poly- and Perfluoroalkyl Substances in the Aquatic Environment: A Review of current
Literature. Water Res. 2017, 124, 482-495, d0i:10.1016/j.watres.2017.07.024.

Horst, J.; McDonough, J.; Ross, I.; Dickson, M.; Miles, ].; Hurst, J.; Storch, P. Water Treatment Technologies
for PFAS: The Next Generation. Groundw. Monit. Remediat. 2018, 38, 13-23, d0i:10.1111/gwmr.12281.
Lutze, H.; Panglisch, S.; Bergmann, A.; Schmidt, T.C. Treatment Options for the Removal and Degradation
of Polyfluorinated Chemicals. In Polyfluorinated Chemicals and Transformation Products; Knepper, T., Lange,
F., Eds.; Springer: Berlin/Heidelberg, Germany, 2012; pp. 103-125.

Tang, C.Y.; Fu, Q.S.; Robertson, A.P.; Criddle, C.S.; Leckie, ]J.O. Use of Reverse Osmosis Membranes to
Remove Perfluorooctane Sulfonate (PFOS) from Semiconductor Wastewater. Environ. Sci. Technol. 2006, 40,
7343-7349, d0i:10.1021/es060831q.

Kimura, K; Amy, G.; Drewes, J.E.; Heberer, T.; Kim, T.-U; Watanabe, Y. Rejection of Organic
Micropollutants (Disinfection By-Products, Endocrine Disrupting Compounds, and Pharmaceutically
Active  Compounds) by NF/RO Membranes. ] Memb. Sci. 2003, 227, 113-121,
doi:10.1016/j.memsci.2003.09.005.

Boiteux, V.; Dauchy, X.; Bach, C.; Colin, A.; Hemard, J.; Sagres, V.; Rosin, C.; Munoz, J.-F. Concentrations
and Patterns of Perfluoroalkyl and Polyfluoroalkyl Substances in a River and Three Drinking Water
Treatment Plants Near and Far from a Major Production Source. Sci. Total Environ. 2017, 583, 393—400,
doi:10.1016/j.scitotenv.2017.01.079.

Page, D.; Vanderzalm, J.; Kumar, A.; Cheng, K.Y.; Kaksonen, A.H.; Simpson, S. Risks of Perfluoroalkyl and
Polyfluoroalkyl Substances (PFAS) for Sustainable Water Recycling via Aquifers. Water 2019, 11, 1737,
doi:10.3390/w11081737.

Liu, CJ.; Werner, D.; Bellona, C. Removal of Per- and Polyfluoroalkyl Substances (PFASs) from
Contaminated Groundwater Using Granular Activated Carbon: A Pilot-Scale Study with Breakthrough
Modeling. Environ. Sci. Water Res. Technol. 2019, 5, 1844-1853, d0i:10.1039/C9EW00349E.

Hawley, B.E.L.; Pancras, T.; Sc, M.; Burdick, J. Remediation Technologies for Perfluorinated Compounds (PFCs),
Including Perfluorooctane Sulfonate (PFOS) and Perfluorooctanoic Acid (PFOA); Arcadis: Highlands Ranch, CO,
USA, 2012.



Int. ]. Environ. Res. Public Health 2020, 17, 8117 24 of 26

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

Senevirathna, S.T.M.L.D.; Tanaka, S.; Fujii, S.; Kunacheva, C.; Harada, H.; Shivakoti, B.R.; Okamoto, R. A
Comparative Study of Adsorption of Perfluorooctane sulfonate (PFOS) onto Granular Activated Carbon,
Ion-exchange Polymers and Non-ion-exchange Polymers. Chemosphere 2010, 80, 647-651,
doi:10.1016/j.chemosphere.2010.04.053.

Ochoa-Herrera, V.; Sierra-Alvarez, R. Removal of Perfluorinated Surfactants by Sorption onto Granular
Activated Carbon, Zeolite and Sludge. Chemosphere 2008, 72, 1588-1593,
doi:10.1016/j.chemosphere.2008.04.029.

Zhi, Y.; Liu, J. Surface modification of activated carbon for enhanced adsorption of perfluoroalkyl acids
from aqueous solutions. Chemosphere 2016, 144, 1224-1232, doi:10.1016/j.chemosphere.2015.09.097.
Kucharzyk, K.H.; Darlington, R.; Benotti, M.; Deeb, R.; Hawley, E. Novel Treatment Technologies for PFAS
Compounds: A Critical Review. J. Environ. Manag. 2017, 204, 757-764, d0i:10.1016/j.jenvman.2017.08.016.
Watanabe, N.; Takata, M.; Takemine, S.; Yamamoto, K. Thermal Mineralization Behavior of PFOA, PFHXxA,
and PFOS During Reactivation of Granular Activated Carbon (GAC) in Nitrogen Atmosphere. Environ. Sci.
Pollut. Res. Int. 2018, 25, 7200-7205, doi:10.1007/s11356-015-5353-2.

Woodard, S; Berry, J.; Newman, B. Ion exchange Resin for PFAS Removal and Pilot Test Comparison to
GAC. Remediation 2017, 27, 19-27, d0i:10.1002/rem.21515.

Nickelsen, M.; Woodard, S. A Sustainable System and Method for Removing and Concentrating Per- and
Polyfluoroalkyl Substances (PFAS) from Water. WO Patnet 2017180346A1, 19 October 2017.

Schuricht, F.; Borovinskaya, E.S.; Reschetilowski, W. Removal of Perfluorinated Surfactants from
Wastewater by Adsorption and Ion Exchange—Influence of Material Properties, Sorption Mechanism and
Modeling. ]. Environ. Sci. 2017, 54, 160-170, doi:10.1016/j.jes.2016.06.011.

Carter, K.E.; Farrell, J. Removal of Perfluorooctane and Perfluorobutane Sulfonate from Water via Carbon
Adsorption and Ion Exchange. Sep. Sci. Technol. 2010, 45, 762-767, d0i:10.1080/01496391003608421.

Yu, Q.; Zhang, R.; Deng, S.; Huang, J.; Yu, G. Sorption of Perfluorooctane Sulfonate and Perfluorooctanoate
on Activated Carbons and Resin: Kinetic and Isotherm Study. Water Res. 2009, 43, 1150-1158,
doi:10.1016/j.watres.2008.12.001.

Chularueangaksorn, P.; Tanaka, S.; Fujii, S.; Kunacheva, C. Regeneration and Reusability of Anion
Exchange Resin used in Perfluorooctane Sulfonate Removal by Batch Experiments. ]. Appl. Polym. Sci. 2013,
130, 884-890, doi:10.1002/app.39169.

Zaggia, A.; Conte, L.; Falletti, L.; Fant, M.; Chiorboli, A. Use of Strong Anion Exchange Resins for the
Removal of Perfluoroalkylated Substances from Contaminated Drinking Water in Batch and Continuous
Pilot Plants. Water Res. 2016, 91, 137-146, doi:10.1016/j.watres.2015.12.039.

Ryan, K. PFAS Treatment with GAC: Performance, Reactivation, & Economics. Available online:
https://cdn.ymaws.com/www.njawwa.org/resource/collection/6382B7DD-E5CF-4A26-A A5C-
AF7AF7495473/08__GAC_Treatment.pdf (accessed on 7 February 2020).

Yamada, T.; Taylor, P.H.; Buck, R.C.; Kaiser, M.A.; Giraud, R.J. Thermal Degradation of Fluorotelomer
Treated Articles and Related Materials. Chemosphere 2005, 61, 974-984,
doi:10.1016/j.chemosphere.2005.03.025.

OPEC Ex-Situ Treatment: Surface Activation Foam Fractionation (SAFF). Available online:
https://opecsystems.com/enviro/pfas-solutions/ex-situ-treatment-surface-active-foam-fractionation-
saff/#:~:text=SurfaceActivationFoamFractionation(SAFF™)&text=TheSAFF™processis,throughanarroww
atercolumn (accessed on 15 August 2020).

EVOCRA Water Solution: Evolved. Available online: https://evocra.com.au/applications/water-solutions-
evolved (accessed on 15 August 2020).

Dickson, M. Method for Treating Industrial Waste. U.S. Patent NO 10040708B2, 7 Auguest 2018.

Dai, X.; Xie, Z.; Dorian, B.; Gray, S.; Zhang, ]. Comparative Study of PFAS Treatment by UV, UV/ozone,
and Fractionations with Air and Ozonated Air. Environ. Sci. Water Res. Technol. 2019, 5, 1897-1907,
doi:10.1039/C9EW00701F.

Trojanowicz, M.; Bojanowska-Czajka, A.; Bartosiewicz, I; Kulisa, K. Advanced Oxidation/Reduction
Processes Treatment for Aqueous Perfluorooctanoate (PFOA) and Perfluorooctanesulfonate (PFOS)—A
Review of Recent Advances. Chem. Eng. ]. 2018, 336, 170-199, d0i:10.1016/j.cej.2017.10.153.

Lu, D,; Sha, S.; Luo, J.; Huang, Z.; Zhang Jackie, X. Treatment Train Approaches for the Remediation of Per-
and Polyfluoroalkyl Substances (PFAS): A Critical Review. ]. Hazard. Mater. 2020, 386, 121963,
doi:10.1016/j.jhazmat.2019.121963.



Int. ]. Environ. Res. Public Health 2020, 17, 8117 25 of 26

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

Scollitt-Davis, ]. AECOM to Launch PFAS Solution DE-FLUORO™ at CleanUp 2019 in Adelaide. Available
online: https://aecom.com/press-releases/aecom-to-launch-pfas-solution-de-fluoro-at-cleanup-2019-in-
adelaide/#:~:text=PressRelease-, AECOMtolaunchPFASsolutionDE-
FLUORO,atCleanUp2019inAdelaide&text=ADELAIDE (Sept.,’PFAS’)atCleanUp2019 (accessed on 7 March
2020).

Radjenovic, J.; Sedlak, D.L. Challenges and Opportunities for Electrochemical Processes as Next-
Generation Technologies for the Treatment of Contaminated Water. Environ. Sci. Technol. 2015, 49, 11292—
11302, doi:10.1021/acs.est.5b02414.

Carter, K.E.; Farrell, J. Oxidative Destruction of Perfluorooctane Sulfonate Using Boron-Doped Diamond
Film Electrodes. Environ. Sci. Technol. 2008, 42, 6111-6115, d0i:10.1021/es703273s.

Ochiai, T.; lizuka, Y.; Nakata, K.; Murakami, T.; Tryk, D.A.; Fujishima, A.; Koide, Y.; Morito, Y. Efficient
Electrochemical Decomposition of Perfluorocarboxylic Acids by the Use of a Boron-Doped Diamond
Electrode. Diam. Relat. Mater. 2011, 20, 64—67, doi:10.1016/j.diamond.2010.12.008.

Zhuo, Q.; Deng, S.; Yang, B.; Huang, J.; Wang, B.; Zhang, T.; Yu, G. Degradation of Perfluorinated
Compounds on a Boron-Doped Diamond Electrode. Electrochim. Acta 2012, 77, 17-22,
doi:10.1016/j.electacta.2012.04.145.

Schaefer, C.E.; Andaya, C.; Urtiaga, A.; McKenzie, E.R,; Higgins, C.P. Electrochemical Treatment of
Perfluorooctanoic Acid (PFOA) and Perfluorooctane Sulfonic Acid (PFOS) in Groundwater Impacted by
Aqueous  Film  Forming Foams (AFFFs). |. Hazard.  Mater. 2015, 295, 170-175,
doi:10.1016/j.jhazmat.2015.04.024.

Stratton, G.R.; Daij, F.; Bellona, C.L.; Holsen, T.M.; Dickenson, E.R.V.; Mededovic Thagard, S. Plasma-Based
Water Treatment: Efficient Transformation of Perfluoroalkyl Substances in Prepared Solutions and
Contaminated Groundwater. Environ. Sci. Technol. 2017, 51, 1643-1648, d0i:10.1021/acs.est.6b04215.

Locke, B.R.; Sato, M.; Sunka, P.; Hoffmann, M.R.; Chang, ].-S. Electrohydraulic Discharge and Nonthermal
Plasma for Water Treatment. Ind. Eng. Chem. Res. 2006, 45, 882-905, d0i:10.1021/ie050981u.

Jiang, B.; Zheng, J.; Qiu, S.; Wu, M.; Zhang, Q.; Yan, Z.; Xue, Q. Review on Electrical Discharge Plasma
Technology for Wastewater Remediation. Chem. Eng. |. 2014, 236, 348-368, doi:10.1016/j.cej.2013.09.090.
Lukes, P.; Appleton, A.T.; Locke, B.R. Hydrogen Peroxide and Ozone Formation in Hybrid Gas-Liquid
Electrical Discharge Reactors. IEEE Trans. Ind. Appl. 2004, 40, 60-67, doi:10.1109/T1A.2003.821799.
Hayashi, R.; Obo, H.; Takeuchi, N.; Yasuoka, K. Decomposition of Perfluorinated Compounds in Water by
DC Plasma within Oxygen Bubbles. Electr. Eng. Japan 2015, 190, 9-16, d0i:10.1002/e€j.22499.

Yasuoka, K.; Sasaki, K.; Hayashi, R. An Energy-Efficient Process for Decomposing Perfluorooctanoic and
Perfluorooctane Sulfonic Acids using DC Plasmas Generated within Gas Bubbles. Plasma Sources Sci.
Technol. 2011, 20, 034009, doi:10.1088/0963-0252/20/3/034009.

Gole, V.L,; Sierra-Alvarez, R.; Peng, H.; Giesy, ].P.; Deymier, P.; Keswani, M. Sono-Chemical Treatment of
Per- and Polyfluoroalkyl Compounds in Aqueous Film- Forming Foams by Use of a Large-Scale Multi-
Transducer Dual-Frequency Based Acoustic Reactor. Ultrason. Sonochem. 2018, 45, 213-222,
doi:10.1016/j.ultsonch.2018.02.014.

Campbell, T.; Hoffmann, M.R. Sonochemical Degradation of Perfluorinated Surfactants: Power and
Multiple Frequency Effects. Sep. Purif. Technol. 2015, 156, 1019-1027, doi:10.1016/j.seppur.2015.09.053.
Moriwaki, H.; Takagi, Y.; Tanaka, M.; Tsuruho, K.; Okitsu, K.; Maeda, Y. Sonochemical Decomposition of
Perfluorooctane Sulfonate and Perfluorooctanoic Acid. Environ. Sci. Technol. 2005, 39, 3388-3392,
doi:10.1021/es040342v.

Fernandez, N.A.; Rodriguez-Freire, L.; Keswani, M.; Sierra-Alvarez, R. Effect of Chemical Structure on the
Sonochemical Degradation of Perfluoroalkyl and Polyfluoroalkyl Substances (PFASs). Environ. Sci. Water
Res. Technol. 2016, 2, 975-983, doi:10.1039/C6EW00150E.

Rodriguez-Freire, L.; Abad-Fernandez, N.; Sierra-Alvarez, R.; Hoppe-Jones, C.; Peng, H.; Giesy, J.P.;
Snyder, S.; Keswani, M. Sonochemical Degradation of Perfluorinated Chemicals in Aqueous Film-Forming
Foams. |. Hazard. Mater. 2016, 317, 275-283, doi:10.1016/j.jhazmat.2016.05.078.

Matsuoka, T.; Asakura, Y. Characteristics of a Flow-Channel Type Sonochemical Equipped with
Multitransducer. J. Chem. Eng. JApan 2007, 40, 497-500, doi:10.1252/jcej.40.497.

Destaillats, H.; Lesko, T.M.; Knowlton, M.; Wallace, H.; Hoffmann, M.R. Scale-Up of Sonochemical Reactors
for Water Treatment. Ind. Eng. Chem. Res. 2001, 40, 3855-3860, d0i:10.1021/ie010110u.

Brunner, G. Hydrothermal and Supercritical Water Processes; Elsevier: Oxford, UK, 2014.



Int. ]. Environ. Res. Public Health 2020, 17, 8117 26 of 26

203.

204.

205.

206.

207.

208.

209.

210.

211.

Jessop, P.G.; Leitner, W. Supercritical Fluids as Media for Chemical Reactions. In Chemical Synthesis Using
Supercritical Fluids; Jessop, P.G., Leitner, W., Eds.; Wiley-VCH Verlag GmbH: Weinheim, Germany, 2007;
pp- 1-36.

Toor, S.S.; Rosendahl, L.; Rudolf, A. Hydrothermal Liquefaction of Biomass: A Review of Subcritical Water
Technologies. Energy 2011, 36, 2328-2342, doi:10.1016/j.energy.2011.03.013.

Hori, H.; Nagaoka, Y.; Yamamoto, A.; Sano, T.; Yamashita, N.; Taniyasu, S.; Kutsuna, S.; Osaka, I.; Arakawa,
R. Efficient Decomposition of Environmentally Persistent Perfluorooctanesulfonate and Related
Fluorochemicals Using Zerovalent Iron in Subcritical Water. Environ. Sci. Technol. 2006, 40, 1049-1054,
doi:10.1021/es0517419.

Wu, B.; Hao, S.; Choi, Y.; Higgins, C.P.; Deeb, R.; Strathmann, T.J. Rapid Destruction and Defluorination of
Perfluorooctanesulfonate by Alkaline Hydrothermal Reaction. Environ. Sci. Technol. Lett. 2019, 6, 630-636,
doi:10.1021/acs.estlett.9b00506.

Hori, H.; Nagaoka, Y.; Sano, T.; Kutsuna, S. Iron-Induced Decomposition of Perfluorohexanesulfonate in
Sub- and Supercritical Water. Chemosphere 2008, 70, 800-806, doi:10.1016/j.chemosphere.2007.07.015.

Field, J.A. PFASs in Leachate and Wastewater. In Proceedings of the Environmental Research and
Education Summit (EREF), Ann Arbor, MI, USA,14-15 August 2019.

Mejia-Avendafio, S.; Munoz, G.; Vo Duy, S.; Desrosiers, M.; Benoit, P.; Sauvé, S.; Liu, J. Novel
Fluoroalkylated Surfactants in Soils Following Firefighting Foam Deployment During the Lac-Mégantic
Railway Accident. Environ. Sci. Technol. 2017, 51, 8313-8323, d0i:10.1021/acs.est.7b02028.

Xiao, F.; Golovko, S.A.; Golovko, M.Y. Identification of novel non-ionic, cationic, zwitterionic, and anionic
polyfluoroalkyl substances using UPLC-TOF-MSE high-resolution parent ion search. Anal. Chim. Acta
2017, 988, 41-49, d0i:10.1016/j.aca.2017.08.016.

McDonough, C.A.; Guelfo, ]J.L.; Higgins, C.P. Measuring total PFASs in water: The tradeoff between
selectivity and inclusivity. Curr. Opin. Environ. Sci. Heal. 2019, 7, 13-18, d0i:10.1016/j.coesh.2018.08.005.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDP]I, Basel, Switzerland. This article is an open access
@ @ l article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



