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Separation and destruction of PFAS from
groundwater using an on-site treatment train

Abstract

Per- and polyfluoroalkyl substances (PFAS) are persistent and mobile contaminants
that pose a considerable risk to groundwater resources. At contaminated sites, such
as landfills, PFAS can migrate into groundwater, where their low sorption and high
mobility facilitate plume formation and aquifer transport. Addressing this challenge
requires an improved understanding of PFAS transport and effective treatment
strategies. This thesis investigates PFAS behavior in groundwater systems and
evaluated a field-scale integrated treatment train combining foam fractionation (FF),
electrochemical oxidation (EO), and a constructed wetland (CW) for remediation of
landfill leachate-impacted groundwater. The saturated paste extraction method
(SPEM) was evaluated for determining PFAS solid-liquid partitioning coefficients
(Kq). SPEM-derived values showed good agreement with field-based estimates and
performed better than conventional batch leaching tests (L/S = 1) in low-sorption
systems, confirming low K4 values and strong chain-length dependence in sandy,
low organic-carbon aquifers. Full-scale FF achieved high separation of long-chain
PFAS (>90%). The addition of co-foaming surfactants significantly increased short-
chain separation, although separation of <C4 perfluoroalkyl carboxylic acids
(PFCA) remained limited. The concentrated FF foamate was treated using EO,
enabling substantial PFAS degradation, with high fluorine mass balance recovery
indicating extensive mineralization. CW, evaluated both as a standalone and
polishing step following FF, separated PFAS through substrate sorption and plant
uptake, but showed limited effectiveness in reducing aqueous short-chain
concentrations. Overall, the results demonstrate that combining FF and EO
effectively separated and mineralized long-chain PFAS from groundwater. While
co-foaming surfactants improved short-chain separation, additional polishing
capable of treating <C4 PFCA should be considered. The limited ability of CW to
reduce PFAS concentrations, however, limits its suitability for this purpose.

Keywords: PFAS, Groundwater, K4, Foam fractionation, Electrochemical oxidation,
Constructed wetland






Avskiljning och destruktion av PFAS i
grundvatten genom en serie av reningssteg

Sammanfattning

Per- och polyfluorerade alkylsubstanser (PFAS) ar persistenta, mobila féroreningar
som utgor en risk for grundvattenresurser. Vid férorenade omraden, sdsom deponier,
kan PFAS migrera till grundvattnet, dir 1dg sorption och hég mobilitet bidrar till
vidare spridning i akviferen. For att hantera detta krévs en forstaelse for transport av
PFAS i grundvattensystem samt effektiva reningslésningar. Denna avhandling
undersoker PFAS-beteende i grundvattensystem och utvérderar en integrerad serie
av reningssteg i filtskala for rening av grundvatten paverkat av deponilakvatten.
Reningsstegen innefattade skumfraktionering (FF), elektrokemisk oxidation (EO)
samt en anlagd vatmark (CW). Mittnadsextraktion (SPEM) utvdrderades for
bestimning av PFAS-fordelningskoefficienter mellan fast och flytande fas (Kq).
Resultaten visade Overensstimmelse med féltbaserade uppskattningar och béttre
prestanda dn konventionella skakforsok (L/S = 1) i system med lag sorption.
Forsoken bekréftade ldga K¢-véirden och ett tydligt samband mellan sorption och den
perfluorerade alkylkedjans ldngd i sandiga akviferer med laga halter av organiskt
kol. Fullskalefors6k med FF uppnédde hog avskiljning av langkedjade PFAS (>90
%). Tillsats av tensider Okade avskiljningen av kortkedjade PFAS, men
avskiljningen av <C4 perfluorerade karboxylsyror (PFCA) var fortsatt begrénsad.
Det koncentrerade skummet fran FF behandlades med EO, vilket méjliggjorde
betydande nedbrytning av PFAS. En hog fluorbalans indikerade en omfattande
mineralisering. Avskiljning av PFAS i CW utvérderades bade som fristdende
reningssteg och som poleringssteg foljande FF. PFAS avskiljdes bade genom
sorption till substrat och vixtupptag. Metoden visade dock begrinsad effekt for att
reducera koncentrationen av kortkedjade PFAS i vattnet. Resultaten visar att
kombinationen FF-EO kan utgéra en effektiv metod for att separera och mineralisera
langkedjade PFAS frdn grundvatten. Aven om tillsats av tensider forbittrade
avskiljningen av kortkedjade PFAS, kvarstar behovet av ett poleringssteg for
behandling av <C4 PFCA. Den begrdnsade forméagan hos CW att reducera PFAS-
koncentration innebér dock att teknikens lamplighet for detta &ndamaél ar begrinsad.

Nyckelord: PFAS, Grundvatten, K4, Skumfraktionering, Elektrokemisk oxidation,
Anlagd vatmark
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1. Introduction

Per- and polyfluoroalkyl substances (PFAS) represent one of the most
challenging classes of environmental contaminants currently faced by
society (Ritscher et al., 2018). Their exceptional chemical stability, driven
primarily by the strength of the carbon-fluorine bond as well as the shielding
by fluorine of the carbon backbone, underpins both their widespread
industrial utility and their persistence in environmental systems (Evich et
al., 2022; O’hagan, 2008). As a result of decades of extensive use and
continuous emissions from both point and diffuse sources, PFAS have
become ubiquitously distributed on a global scale, contaminating aquatic and
terrestrial ecosystems, food webs, and drinking water resources (Giesy &
Kannan, 2001; Yamashita et al., 2008). Groundwater contamination is of
particular concern, as PFAS mobility facilitates the formation of large
contaminant plumes that pose risks to drinking water supplies used by large
populations (Sorengérd et al., 2022).

While many PFAS exhibit relatively low acute toxicity, a growing body
of epidemiological and experimental evidence has linked chronic exposure
to adverse health outcomes, including metabolic, immunological, and
carcinogenic effects (Misl'anova & Valachovi¢ova, 2025). The heterogeneity
of PFAS complicates risk assessment, yet the combination of persistence,
bioaccumulation, and widespread exposure has motivated increasingly
precautionary regulatory approaches (Brennan et al., 2021; European Union
(EU), 2020; UNEP & Stockholm Convention, 2025).

Remediation of PFAS-contaminated groundwater remains technically
complex and resource-intensive (Ross et al., 2018). No single treatment
technology is universally effective across the full spectrum of PFAS,
especially when addressing short-chain compounds. Consequently,
treatment strategies increasingly rely on integrated treatment trains that
combine separation and destruction techniques to balance efficiency, cost,
and sustainability. While established methods such as granular activated
carbon (GAC) and anion exchange (AIX) remain central, additional
separation techniques such as foam fractionation (FF) are increasingly being
applied. Emerging treatment technologies, such as phytoextraction and
electrochemical oxidation (EO), also show considerable promise.

Despite growing awareness of PFAS contamination and the development
of various treatment technologies, significant knowledge gaps remain
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regarding their effectiveness under field-relevant conditions and their
integration into scalable, on-site remediation strategies. In particular, there is
a need to better understand PFAS behavior in subsurface environments,
optimize separation processes for a broad range of compounds, and ensure
effective destruction of concentrated waste streams. Addressing these
challenges requires a systems-level approach that evaluates not only
individual technologies but also their combined performance within
treatment trains designed for real-world applications.
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2. Aim and objectives

The overall aim of this thesis was to evaluate the use of an on-site treatment
train for the remediation of PFAS-contaminated groundwater, combining
foam fractionation for PFAS separation with subsequent concentrate
destruction using electrochemical oxidation and post-treatment polishing in
a constructed wetland system. The specific research objectives included:

» Determination of the aquifer solid-liquid partitioning coefficients
(K4g) for PFAS present at contaminated sites, including the
implementation of the novel method saturated paste extraction for
Kq determination (Paper I).

» Evaluate the performance of a full-scale foam fractionation system
for PFAS removal in landfill leachate-impacted groundwater,
including the evaluation of the effect of co-foaming surfactant
addition to increase short-chain PFAS removal (Paper II).

» Evaluate the performance of a full-scale boron-doped diamond
electrode electrochemical oxidation system for the destruction of
PFAS in the concentrated foamate generated by a foam fractionation
system (Paper II).

» Evaluate, in pilot-scale, the use of planted subsurface flow
constructed wetland systems for the separation of PFAS in landfill
leachate-impacted groundwater, either directly or as a post-treatment
polishing step following foam fractionation (Papers III and IV).
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3. Background

3.1 What are PFAS?

PFAS are a family of fluorinated organic compounds and were defined by
the OECD in 2021 as “fluorinated substances that contain at least one fully
fluorinated methyl or methylene carbon atom (without any H/Cl/Br/I atom
attached to it)” (OECD, 2021). Many compounds fall within this definition,
and there are currently over 7 million PFAS registered in the PubChem
database (Schymanski et al., 2023). The number of PFAS of economic,
health, or environmental relevance is, however, lower. The Swedish
chemical agency's public chemical database, as an example, only contains
~14 000 PFAS (Swedish Chemicals Agency, 2026). PFAS are
anthropogenic, with one of their earliest known syntheses occurring in 1938
with the creation of tetrafluoroethylene, of which the polymer
polytetrafluoroethylene (PTFE) is commonly known under the brand name
Teflon® (Plunkett, 1941). Teflon® later found its use in the Manhattan Project
during the development of early nuclear weapons (Goldwhite, 1986). PFAS
have since then expanded both in chemical variety and applications (Dams
& Ameduri, 2025), being used in, among many others, non-stick coatings,
lubricants, and firefighting foams (Gaines, 2022).

3.2 PFAS classification

PFAS, being a diverse chemical family, can be categorized into numerous
subdivisions (Figure 1). An important distinction is between the classes of
polymeric and nonpolymeric PFAS. Polymeric PFAS are high molecular
weight compounds in which fluorinated carbon chains are incorporated in a
polymeric structure, such as Teflon® (Plunkett, 1941). Although annually
produced in large quantities, estimated above 230 000 ton (Evich et al.,
2022), they are generally characterized by lower mobility and bioavailability
than their non-polymeric counterparts (Henry et al., 2018). It has, however,
been shown that certain fluorinated polymers can degrade into more mobile
and bioavailable compounds (Washington et al., 2015). Fluoropolymer
production may also act as an emission source of other PFAS used or formed
in the manufacturing process (Lohmann et al., 2020).
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The non-polymeric PFAS constitute a very large and diverse molecular
class, but are in many cases low molecular weight, highly mobile, and
bioavailable (Adu et al., 2023; Brunn et al., 2023; Martin et al., 2003;
Ragnarsdottir et al., 2024; Rauert et al., 2018). This class can, in turn, be
divided into the subclasses of polyfluorinated substances and perfluorinated
substances, where every carbon atom of the alkyl moiety is fully fluorinated
in a perfluorinated compound, as opposed to only some of the alkyl moiety
carbon atoms in a polyfluorinated compound (Buck et al., 2011). The
polyfluorinated compounds are, at present, produced in substantially higher
quantities than the perfluorinated ones (Evich et al., 2022). They are also less
stable than the perfluorinated compounds and are, in many cases, susceptible
to environmental transformation (Butt et al., 2014), eventually resulting in a
perfluoroalkyl end product (Evich et al., 2022). They are thus commonly
referred to as PFAS precursors. The perfluoroalkyl moiety of a
perfluorinated PFAS is, with the exception of the perfluoroalkanes, attached
to a functional group based on which the compound can be further classified
into groups. The group of most relevance within environmental science is
the perfluoroalkyl acids (PFAA), and its subgroups of perfluoroalkyl
carboxylic acids (PFCA) and the perfluoroalkyl sulfonic acids (PFSA)
(Megson et al., 2025). The PFCA are characterized by a carboxylic acid
functional group, such as perfluorooctanoic acid (PFOA), while the PFSA
are characterized by a sulfonic acid functional group, such as perfluorooctane
sulfonic acid (PFOS).
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Family

N
Class poly?;:em [ Polymers
Perfluoroalkyl Polyfluoroalkyl
Group { I;ili-gsu?lg%ﬁ?})l ’ { ete. Fluo1 otelomers
Perfluoroalkyl Perfluoroalkyl
Sub group carboxylic sulfonic acids
acids (PFCA) (PFSA)

Figure 1. PFAS classification, using the hierarchical naming convention described by the
Interstate Technology & Regulatory Council (ITRC) (Interstate Technology Regulatory
Council (ITRC), 2026).

These subgroups of PFAS can then be further classified based on the length
of the perfluoroalkyl chain (Table 1). The physicochemical properties of
these compounds vary greatly with the length of this moiety, and
perfluoroalkyl acids (PFAA) are thus often referred to as long- or short-chain
based on their bioaccumulative behavior. Longer-chain PFAS have been
shown to be more bioaccumulative (Conder et al., 2008). The most accepted
definition is to classify PFSA with a perfluoroalkyl chain length >6 and
PFCA with a perfluoroalkyl chain length >7 as long-chain PFAS, while
shorter chained compounds are classified as short-chain PFAS (Buck et al.,
2011; OECD, 2021). Additionally, the term ultra-short-chain PFAS was
introduced in the environmental field in the late 2010s to describe PFAA
with very short perfluoroalkyl chains (<2 for PFCA and <3 for PFSA),
distinguishing them from conventional short-chain PFAS due to their high
environmental mobility, associated analytical challenges, and difficulty of
removal from water (Ateia et al., 2019; Bjornsdotter et al., 2019, 2020).
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Table 1. PFCA and PFSA with perfluoroalkyl chain lengths of 1-14. Ultra-short-chain
PFAS are marked in blue, short-chain PFAS are marked in green, and long-chain PFAS

are marked in yellow

Carboxylic acids Sulfonic acids Perfluoroalkyl
chain length
Trifluoroacetic acid Trifluoromethane sulfonic acid 1
TFA TFMS
Perfluoro propionic acid Perfluoroethane sulfonic acid 2
PFPrA PFEtS
Perfluorobutanoic acid Perfluoropropane sulfonic acid 3
PFBA PFPrS
Perfluoropentanoic acid Perfluorobutane sulfonic acid 4
PFPeA PFBS
Perfluorohexanoic acid Perfluoropentane sulfonic acid 5
PFHxXA PFPeS
Perfluoroheptanoic acid Perfluorohexane sulfonic acid 6
PFHpA PFHxS
Perfluorooctanoic acid Perfluoroheptane sulfonic acid 7
PFOA PFHpS
Perfluorononanoic acid Perfluorooctane sulfonic acid 8
PFNA PFOS
Perfluorodecanoic acid Perfluorononane sulfonic acid 9
PFDA PFNS
Perfluoroundecanoic Perfluorodecane sulfonic acid 10
acid PFUnDA PFDS
Perfluorododecanoic acid Perfluoroundecane sulfonic acid 11
PFDoDA PFUnDS
Perfluorotridecanoic acid Perfluorododecane sulfonic acid 12
PFTrDA PFDoDS
Perfluorotetradecanoic acid Perfluorotridecane sulfonic acid 13
PFTeDA PFTrDS
Pentadecafluorundecanoic Perfluorotetradecane sulfonic 14
acid PFPeDA acid PFTeDS

3.3 Persistence

The carbon-fluorine covalent bond is one of the strongest bonds known in
organic chemistry, owing to fluorine being the most electronegative element
in the periodic table, thus creating a highly polarized bond, with a strong
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electrostatic attraction between the carbon and fluorine atoms (O’hagan,
2008). As a result, fluorinated carbon chains exhibit exceptional resistance
to thermal, chemical, and biological degradation processes (Ochoa-Herrera
et al., 2016; Toporek et al., 2021; Xiao et al., 2020). This stability is
particularly pronounced in perfluoroalkyl substances, in which all hydrogen
atoms on the carbon backbone are replaced by fluorine, effectively shielding
the molecule from nucleophilic attack and oxidative or reductive
transformation (Leung et al., 2023). These compounds consequently become
highly persistent in environmental systems (Brunn et al., 2023; Rauert et al.,
2018), earning the PFAS family its nickname “forever chemicals”. Many
polyfluoroalkyl substances, while initially more reactive, undergo stepwise
degradation through abiotic or biotic pathways that ultimately yield highly
stable perfluoroalkyl end products (Hamid et al., 2018; Lenka et al., 2021).
There are increasing calls that the persistence of PFAS alone is sufficient to
warrant regulation of the entire chemical family (Cousins et al., 2020).

3.4 Toxicity

Despite being a diverse chemical family, many PFAS exhibit relatively low
acute toxicity (Ankley et al., 2021), with the lethal dose (LDso) values of the
most studied compounds, PFOA, and PFOS being measured in the hundreds
of mg/kg body weight in rats, far exceeding environmentally relevant
exposure levels (Peritore et al., 2023). Studies have, however, identified
several potential chronic effects of PFAS exposure in humans, including, but
not limited to, disrupted thyroid function (Lopez-Espinosa et al., 2011), liver
cancer (Girardi & Merler, 2019), and increased cholesterol levels (Steenland
et al., 2009).

A large epidemiological study carried out in the Ohio Valley, USA,
encompassing 69 030 individuals exposed to PFOA in their drinking water
from a fluorochemical plant, showed probable links between PFOA exposure
and increased cholesterol levels, ulcerative colitis, thyroid disease, testicular
cancer, kidney cancer, and pregnancy-induced hypertension (Steenland et
al.,, 2020). Some of these findings have later been disputed by other
researchers (Boston et al., 2025). Similar studies have been carried out in
Ronneby, Sweden, where 16 150 individuals were exposed to PFAS in their
drinking water, following contamination from a nearby firefighting training
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area. These studies did not show evidence of an increased risk of thyroid
disease or overall risk of cancer, although a modest increased risk of kidney
cancer was observed (Andersson et al., 2019; H. Li et al., 2022), as well as a
significant increase in cholesterol levels for the exposed cohort (Y. Li et al.,
2020).

A study examining 101 German children under the age of 1, sampled
during the 1990s, found significant correlations between the children's PFOA
concentrations and their antibody response after receiving vaccines. This
effect was seen at plasma concentrations of 12.2 pug/L for one of the vaccines,
and the antibody expression between the lowest and highest exposure
quintiles (Q1-Q5) was reduced for PFOA by between 53% and 86%
(Abraham et al., 2020).

Work has been carried out to derive a set of relative potency factors for
PFAS in order to be able to make a risk estimate of PFAS mixtures. Bil et al
(Bil et al., 2021) have produced a widely cited set of these for PFAS based
on liver toxicity. These relative potency factors have been expressed as
PFOA equivalents, where C7-C12 PFAA were shown to be equally or more
potent than PFOA while the opposite applies for <C7 and >C12 PFAA. The
fluorotelomer alcohols and perfluoroalkyl ether carboxylic acids examined
were found to be less potent than PFOA.

The heterogeneity of PFAS makes it difficult to draw generalized
ecotoxicological conclusions for the family as a whole. While laboratory
studies investigating the toxic effects of PFOS and PFOA are abundant (Mai
et al., 2026; Sun et al., 2023; Y. Wang et al., 2024; D. Xu et al., 2013), there
are relatively few ecotoxicological field studies on PFAS. Many of these,
while identifying links between biomarkers and PFAS exposure, fail to draw
any conclusions regarding actual adverse ecotoxicological effects (Ankley et
al., 2021). Effects have, however, been identified, such as reduced
reproductive success in great tit populations exposed to PFOS (Groffen et
al., 2019) or enlarged livers in fish exposed to PFAS-containing aqueous film
forming foams (AFFF) (Oakes et al., 2010). An example of the
ecotoxicological heterogeneity of PFAS are the fluorinated plant protection
products (FPPP), such as sulfluramid, that are, considerably more potent than
PFSA or PFCA regarding invertebrate toxicity (Ankley et al., 2021), and
intentionally so, as they are used as insecticides.
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3.5 Regulations

As the health risks associated with PFAS became apparent, the PFAS
chemical family came under increasing regulatory scrutiny. Consequently,
PFOS was added to the list of restricted substances by the United Nations
under the Stockholm Convention in 2009. PFOA and PFHxS, were
subsequently added to the convention as substances to be eliminated in 2019
and 2022, respectively, followed by all long-chain PFCA in 2025 (UNEP &
Stockholm Convention, 2025).

The approaches taken to PFAS regulation on the national level vary
substantially (Brennan et al., 2021). The USA has, for example, at the federal
level, introduced enforceable maximum contaminant levels in drinking water
for six PFAS, including both single compound limits of 4-10 ng/L as well as
levels of mixtures based on a hazard index (United States Environmental
Protection Agency, 2025). Additionally, there is a patchwork of various
state-based regulations (Brennan et al., 2021). Other countries, such as
China, largely limit their policy responses in compliance with the Stockholm
Convention, refraining from further regulations (Kookana et al., 2025), or
like India, lack national PFAS regulations altogether (Norwegian Institute
for Water Research (NIVA), 2025).

The European Union has taken a relatively stringent stance on PFAS,
restricting several compounds under the REACH program (European
chemicals agency, 2025). The recast European Drinking Water Directive,
introduced in 2020 and enforceable across all EU Member States from 2026,
limits the allowed PFAS concentrations in drinking water to 100 ng/L for a
set of 20 PFAS and 500 ng/L for total PFAS, taking steps to regulate the
entire chemical family (European Union (EU), 2020).

Certain EU member states, such as Sweden, have introduced even stricter
regulations, including a 4 ng/L limit on drinking water for the sum of PFOA,
PFNA, PFHxS, and PFOS (Livsmedelsverket, 2022). Sweden has also
proposed preliminary accepted soil concentrations of PFOS (Petterson et al.,
2015), and established legal threshold values for inland and coastal surface
waters (Havs- och Vattenmyndigheten, 2019). The Swedish environmental
quality criteria for groundwater are set to 4.4 ng/L PFOA equivalents for a
set of 24 PFAS, utilizing the relative potency factor approach (Sveriges
Geologiska Undersdkning, 2023).
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3.6 Sources

There are many potential emission sources for PFAS. Among point sources,
one of the more obvious ones is the fluorochemical production plants, with
the fluoropolymer production sites in Europe alone emitting more than 100
tons of PFAS to air and water in 2021 (Dalmijn et al., 2023). Numerous
studies report risks to both ecological and human health in proximity to these
production facilities (Groffen et al., 2019; Pan et al., 2017; Steenland et al.,
2020; K. Xu et al., 2024), as well as the detrimental health effects on the
industry's workers (Girardi & Merler, 2019). Industrial point sources of
PFAS, however, are not limited to the factories where PFAS are produced,
but also include industries where PFAS are used. These include the
production of electronics, textiles, or electroplating, to name a few (Jia et al.,
2025). Another major source of PFAS is AFFF use, as these are applied
directly to the environment. PFAS source zones can be created after single
application events, such as fire extinguishing (Aly et al., 2020), but more
problematic are the firefighting training sites where AFFF has been applied
to the same site on numerous occasions, creating a highly contaminated area
with the risk of PFAS transport from the site, as an example, through
migration into the groundwater (Pritchard et al., 2026). These sites are often
located at airports or military installations (Salvatore et al., 2022).

Much of the PFAS from consumer products, such as PFAS leached from
washed clothes or rinsing of PFAS-containing personal care products (Bélan
et al., 2024; Schellenberger et al., 2022), combined with PFAS from
consumed food and drink excreted by humans (Abraham et al., 2024), will
eventually reach the wastewater system. These PFAS, combined with PFAS-
containing stormwater from urban runoff (Kim & Kannan, 2007), will be
collected in the wastewater treatment plants (WWTP). The WWTP, in turn,
often lacks the capacity to treat PFAS, consequently making these facilities
point sources for PFAS emission to aquatic ecosystems (Coggan et al.,
2019). Many PFAS-containing consumer products will also eventually enter
the solid waste system, where they, together with PFAS-containing industrial
waste, might be landfilled. The landfill leachate plants are just like the
WWTP, often unable to treat PFAS, resulting in environmental spread of
PFAS from these facilities (J. Li et al., 2023).

A more diffuse source of PFAS is the agricultural sector. Here, PFAS is
applied both intentionally in the form of FPPP (Joerss et al., 2024), as well
as unintentionally through the fertilization of fields using sewage sludge or

36



other biosolids (Bolan et al., 2021; Johnson, 2022). Another diffuse source
of PFAS are the so-called F-gases, including hydrofluorocarbons and
hydrochlorofluorocarbons used as refrigerants. Many of these highly volatile
compounds will, upon release, transform to the ultra-short PFCA
trifluoroacetic acid (TFA) (Arp et al., 2024). Measurements of TFA in
rainwater across different sites suggest that there is a well-mixed abundance
of these precursor compounds in the atmosphere (Berg et al., 2000).

3.7 Transport and biomagnification

PFAS are highly mobile in the environment, exhibiting multiple modes of
transport (Evich et al., 2022). Atmospheric transport has been shown not
only for volatile PFAS, but also for ionizable PFAS sorbed to dust or
dissolved in aerosols (Faust, 2022; H. Xu et al., 2025). While atmospheric
transport distributes PFAS globally, these modes of transport are also
important on a more local scale, such as coastal regions being affected by
PFAS deposition from aerosols formed by sea spray (Casas et al., 2023).
Most PFAS are also readily soluble in water and are thus transported through
water systems and deposited through precipitation (Kurwadkar et al., 2022).

As a result of its persistence and mobility, PFAS have reached a
ubiquitous status, being detected from deep oceans to polar snow (Xie &
Kallenborn, 2023; X. Zhang et al., 2019), ultimately being deposited in the
major long-term sink of the deep-sea sediments (Sackett et al., 2024).

There are several paths for PFAS to enter the food web. One of the main
pathways in the terrestrial ecosystems is through plant uptake, as many PFAS
are readily taken up and accumulated by plants through the transpiration
process, and those that are not might still accumulate on or in root tissue (J.
Xu et al., 2024). PFAS might also enter the food web directly, through the
consumption of PFAS-containing water sources (Wilson et al., 2021). Other
potential pathways include direct dermal or respiratory uptake (Hopkins et
al., 2023; Ragnarsdottir et al., 2024). PFAS might enter the aquatic food web
through uptake by phytoplankton or macrophytes (Z. wei Chen et al., 2024;
X. Zhang et al., 2019), and directly by aquatic animals such as fish (Xiong
& Li, 2024). Many PFAS, particularly long-chain compounds, are
bioaccumulative and biomagnification through the trophic levels has been
shown in both aquatic and terrestrial ecosystems (Haukas et al., 2007; Huang
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et al., 2022). Although trophic magnification appears comparable between
aquatic and terrestrial food webs (Ricolfi et al., 2025), PFAS concentrations
are generally higher in aquatic organisms. This likely reflects higher baseline
exposure in aquatic environments, driven by the mobility and persistence of
PFAS in water, combined with longer or more complex food webs that can
amplify accumulation (Gkika et al., 2025).

Groundwater transport

One important transport pathway for PFAS is the infiltration into
groundwater. This can occur directly from contaminated soil, such as from
fire training facilities, from landfill leachate, or via contaminated
precipitation (Guelfo & Higgins, 2013; Hepburn et al., 2019; Schroeder et
al., 2021).

The transport of PFAS in groundwater systems can be described as
advection (hydraulic flow) and dispersion (including diffusion) combined
with a retardation factor unique to the PFAS and the characteristics of the
groundwater system. A simplified equation for the PFAS retardation has
been proposed by Brusseau et al (Brusseau & Guo, 2022), as shown in
equation 1:

Rd=(1+ deg—:/+1{awx auw) (1)

6w

Where Ky is the solid-liquid partitioning coefficient (cm3/g), Kaw is the
air-water interfacial adsorption coefficient (cm3/cm?2), aay is the specific air-
water interfacial area (cm2/cm3), py is the porous-medium bulk density
(g/cm3), and 6,, is volumetric water content (cm3/cm3).

This equation thus describes that PFAS retardation in the groundwater
system is mainly influenced by sorption to the solid phase, governed by K,
and the air-water interface, governed by Ka.w. This tends to create a large
PFAS reservoir in the vadose zone of contaminated areas, as this unsaturated
zone contains an abundance of both types of interfaces (J. Zeng et al., 2021).
PFAS in the vadose zone can then be mobilized by precipitation events,
transporting them to the groundwater saturated zone (Das et al., 2024). The
PFAS retardation in the groundwater saturated zone will, instead, largely be
governed by the Kg thus making this parameter highly important for
predicting PFAS transport through a groundwater system.
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The K4 of many PFAS is relatively low, especially in soils with low
organic carbon (OC) content and coarser grain sizes (Hubert et al., 2023).
Moreover, Kq values have been shown to be strongly correlated with
perfluoroalkyl chain length as well as the functional group chemistry
(Higgins & Luthy, 2006). This makes many PFAS highly mobile in the
groundwater-saturated zone, resulting in large groundwater contaminant
plumes from contaminated sites. There are numerous instances where these
groundwater plumes have come to contaminate drinking water wells
(Eschauzier et al., 2013; Hohweiler et al., 2024; Sorengérd et al., 2022). As
a substantial portion of the global drinking water supply originates from
groundwater sources, it is crucial that efficient and sustainable solutions for
treating PFAS-contaminated groundwater are developed.

3.8 Treatment Methods

Treatment methods for PFAS-contaminated groundwater can broadly be
divided into in situ and ex situ solutions, where in situ treatment methods
refer to methods that address contaminated groundwater directly within the
aquifer. The most common in situ approach is to introduce soil amendments
to the aquifer in order to increase the K4 of PFAS to such an extent that they
are immobilized. This can be used to either stabilize a PFAS source zone or
create a barrier across a contaminant plume (Divine et al., 2025; Niarchos et
al., 2023). A range of different additives have been investigated, such as
activated carbon (AC) (Niarchos et al., 2023), polymer resins (C. Liu et al.,
2022), and biochar (Sermo et al., 2024).

In contrast, ex situ remediation is based on the extraction of the
contaminated water from the aquifer prior to treating it. A practice known as
pump and treat. This can be done to reduce the contaminant mass of a
hotspot, or to create a barrier across a contaminant plume by introducing a
cone of depression, limiting groundwater flow (Newell et al., 2025).

The treatment methods applied to the extracted water can, in turn, be
divided into methods for separating or destroying the PFAS. The following
sections contain a non-exhaustive summary of established and emerging
separation and destruction techniques that could be applied following
groundwater extraction, as outlined in Figure 2, with an emphasis on the
technologies covered by the experimental work of this thesis: FF,
phytoextraction, and EO.
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Figure 2. An overview of treatment methods applicable to PFAS-contaminated water
streams. Note that this figure is not exhaustive for all methods currently being developed
or tested for PFAS treatment. GAC = Granular activated carbon, AIX = Anion exchange,
NF = Nanofiltration, RO = Reversed Osmosis.

3.8.1 Established separation techniques

Once contaminated water has been extracted, a technology is required to
separate the PFAS from the water. Here, GAC has long been the industry
standard (Elisabeth Hawley et al., 2012). Contaminated water is filtered
through the carbon, which sorbs the PFAS, separating it from the water. This
is especially efficient for long-chain PFAS, while short-chain PFAS achieves
an earlier breakthrough (C. Zeng et al., 2020). A similar technique involves
the use of resins, polymers with functional groups designed to capture PFAS.
The treatment principle is similar to that of GAC; water is passed through
the resins that sorb the PFAS. Particularly, AIX resins have been shown to
be more efficient than GAC for PFAS capture, achieving higher treatment
efficiencies and lasting longer before breakthrough (Riickbeil et al., 2025).
The AIX sorbs PFAS through a combination of hydrophobic and
electrostatic interactions, utilizing the negatively charged headgroup of many
PFAS by containing positively charged functional groups (Mohammadi et
al., 2025). Substantial developments are currently being made on the
development of sustainable resin regeneration, removing the PFAS from the
resins as a concentrated waste stream, enabling their re-use (Ellis et al., 2025;
Ling et al., 2025).
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Another option is membrane separation techniques, such as NF or RO.
These processes rely on semi-permeable membranes but differ in their
separation mechanisms. Nanofiltration membranes have pores and typically
carry a surface charge, meaning separation occurs through a combination of
size exclusion and electrostatic interactions. As a result, NF is generally more
effective for long-chain PFAS, which are larger and more strongly repelled
by the membrane, whereas short-chain PFAS can more easily pass through
due to their smaller size and weaker interactions (Casella et al., 2026). In
contrast, reverse osmosis membranes are effectively non-porous, and
separation is governed by a solution-diffusion mechanism, where water
dissolves into and diffuses across the dense membrane matrix while PFAS
are rejected (Ma et al., 2024).

3.8.2 Emerging separation techniques

Beyond GAC and AIX, there is a range of novel sorbents being developed
and tested for PFAS treatment (Burkhardt et al., 2025). Examples include
metal organic frameworks (MOF), crystalline structures consisting of metal
nodes interlinked by organic bridges, which PFAS diffuse into and sorb to
(R. R. Liang et al., 2025). These materials have been shown to have very
high PFAS sorption capacities, also for short-chain PFAS (Y. Zhang et al.,
2024), be regenerable (R. R. Liang et al., 2024), and have additionally been
shown to be able to act as catalysts for PFAS destruction (Y. Wang et al.,
2021).

Another class of novel PFAS sorbents includes hydrogels, gel-like
structures made of cross-linked polymers (Kumar et al., 2025). These
polymers can then be given a range of functional groups to aid in PFAS
capture, such as the ionic fluorogels combining charged and perfluoroalkyl
groups to sorb PFAS through a mix of ion exchange and fluorophilic
interactions (Kumarasamy et al., 2020). As with MOF, gels can also be given
functional groups capable of acting as catalysts for PFAS destruction (Zhu
et al., 2020).

While MOF and hydrogels are highly engineered advanced materials,
with specific versions tailored for PFAS sorption, there is also growing
interest in biochar as a low-cost and sustainable sorption material. Biochar is
pyrolyzed biomass and comes in many forms depending on substrate and
pyrolysis conditions used, with the aim of providing a more economical and
sustainable alternative to fossil GAC (Akbarpour et al., 2026). With sorption
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mechanisms similar to those of GAC, biochar has shown promise for the
sorption of especially long-chain PFAS (Kearns et al., 2021).

Other emerging removal techniques include flocculation and
precipitation, followed by sedimentation (Hubert et al., 2024) as well as
electrocoagulation (Y. Liu et al., 2022).

Foam fractionation

A unit operation within chemical engineering that utilizes the surface-active
properties of a compound to separate it from a liquid using air sparging is
FF. A surface-active compound will partition to the air-water interface
introduced as bubbles by the sparging and then rise to the surface of the
liquid, from where it can be separated. FF has been used in industry since the
1960s, finding early uses in the separation of proteins from food process
water (Buckley et al., 2022).

Many PFAS are surface-active, such as PFCA and PFSA, due to their
hydrophilic head groups and hydrophobic tails, making them amenable to
separation through FF. The company EPOC-Enviro has developed the foam
fractionation technique into its surface-active foam fractionation unit
(SAFF®). This unit deploys several foam fractionation steps in series to
produce a highly concentrated foam and has been used to good effect for
separating long-chain PFAS from contaminated waters. The separation effect
is, however, less efficient for short-chain PFAS (Burns et al., 2021).

Studies using different FF systems confirm that long-chain PFAS are
efficiently removed, and their short-chain counterparts less effectively so
(Smith et al., 2022; Smith, Lewis, et al., 2023). One strategy to improve
short-chain PFAS separation is the use of co-foaming additives, i.e.
surfactants that increase foam formation, as well as improving foam
properties and thus also increasing short-chain PFAS separation. The most
effective additives are the cationic surfactants, as they both attract and reduce
the repulsion between the negatively charged headgroups of many PFAA,
with cetyltrimethylammonium bromide (CTAB) as an example (Buckley et
al., 2023). Many classes of cationic surfactants are, however, toxic, due to
their ability to interact with negatively charged biological membranes
(Gilbert & Moore, 2005; C. Zhang et al., 2015). Therefore, a range of non-
toxic co-foaming surfactants are being explored, such as a shea butter-
derived surfactant (Klevan et al., 2025).

Another application of PFAS separation through FF is integrated FF,
where foam created during conventional wastewater treatment methods is
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collected in order to remove PFAS (Smith, Keane, et al., 2023; We et al.,
2026).

Phytoextraction

Phytoremediation is the use of plants to remediate contaminated soil, water,
or air. Plant uptake and accumulation of several PFAS have been shown in
studies of agricultural crops, initially examining the issue from a food safety
perspective (Felizeter et al., 2014; Krippner et al., 2014; H. Zhang et al.,
2016). These studies have later been followed by specific phytoremediation
studies, investigating plant uptake and translocation, also known as
phytoextraction (Gobelius et al., 2017), as well as immobilization of PFAS
in the root zone (T. Jiang et al., 2025; M. Liang et al., 2025). These
phytoremediation trials show a clear correlation between PFAS translocation
and chain length, with short-chain PFAS being translocated to above-ground
plant parts, while long-chain PFAS are accumulated in root tissue. This is
thought to be influenced by the casparian strip, a protective barrier within the
plant root, which appears to be permeable by short-chain PFAS, but not by
their long-chain counterparts (J. Xu et al., 2024).

While many studies have focused on phytoextraction from contaminated
soil (Gobelius et al., 2017; Nassazzi et al., 2023; W. Zhang & Liang, 2025),
there are also studies investigating the use of phytorextraction to separate
PFAS from a water stream. This can be achieved by irrigating a field planted
with vegetation selected for its potential to extract PFAS (Ramstedt, 2024);
however, this approach carries the risk of contaminating large quantities of
soil, as well as the potential migration of PFAS to the groundwater. As an
alternative, the use of a constructed wetland (CW) could be a preferable
option, as it allows better control over subsurface contamination. Several
kinds of CW are being studied for PFAS remediation purposes, open water
CW, where PFAS is separated through phytoextraction by plants growing on
the bottom or banks of the system, as well as through sedimentation (P. Wang
et al., 2019), and floating CW, where plants are placed on rafts on the water
surface, enabling their roots to filter the water (Greger, 2021). There are also
subsurface flow CW, where the water is passed through a filter medium
perforated with the roots of the plants growing in the system. This solution
allows for sorption of PFAS to the media itself or biofilm formed on the
media, as well as separation through phytoextraction (Lott et al., 2023).
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3.8.3 Established destruction techniques

After being separated from the water stream, the concentrated PFAS matrix
(i.e. spent sorbent, foamate, biomass e.t.c.) needs to be handled safely with
the goal of destroying the PFAS. The current standard for PFAS destruction,
and the most widely established destruction technique for PFAS, is
incineration (Longendyke et al., 2022). While highly thermally stable, PFAS
will eventually degrade at sufficiently high temperatures. However, the exact
temperatures necessary for complete thermal degradation are debated. Over
80% defluorination of PFAS has been achieved at 800 °C (J. Wang et al.,
2022), but fluoroorganic byproducts have still been recovered at
temperatures exceeding 1000 °C (Winchell et al., 2021). There is also
evidence of incomplete PFAS degradation at commercial incineration
facilities (Bjorklund et al., 2023; S. Liu et al., 2021). Various additives have
been shown to reduce the defluorination temperature of PFAS (J. Chen et al.,
2026), with one study finding calcium hydroxide to be highly efficient (F.
Wang et al., 2015).

3.8.4 Emerging destruction techniques

There are several emerging destruction techniques for PFAS (Meegoda et al.,
2022). One example is plasma treatment, which degrades PFAS through a
combination of PFAS interaction with radicals formed in the media during
treatment, such as hydroxyl radicals (*OH), and direct reduction by plasma
electrons or hydrated electrons formed by the plasma (Nzeribe et al., 2019).

Another technique is photodegradation, where UV or vacuum-UV
irradiation is applied to either weakly excite PFAS molecules, occasionally
leading to direct photochemical transformation, or to activate photocatalysts
such as TiO: that produce reactive charge carriers and radicals capable of
indirectly degrading PFAS (F. Liu et al., 2022). This technology is suitable
to combine with novel sorbent materials containing embedded catalysts such
as MOF or hydrogels (Y. Wang et al., 2021; Zhu et al., 2020).

Sonolysis uses ultrasound to induce acoustic cavitation, leading to the
formation and violent collapse of microbubbles that generate extreme
localized temperatures and pressures capable of thermally decomposing
PFAS (Tasca et al., 2026). The formation of highly reactive hydrated
electrons has also been suggested as a potential pathway for PFAS
degradation in ultrasound systems (James et al., 2020).
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Electron beam technology, instead use magnetic fields to accelerate
generated electrons into the target, resulting in reactive reductive and
oxidative radicals, including highly reactive hydrated electrons (L. Jiang et
al., 2022). A benefit of the electron beam technology is that it can be applied
to both solutions and solid samples, with one study degrading 10 PFAS of
varying chain length and functional groups to below detection limits in a
contaminated soil (Lassalle et al., 2021). The technology has been shown to
be highly pH dependent, showing higher treatment efficiencies at high
alkaline conditions, likely due to the increased longevity of the hydrated
electrons at higher pH (Feng et al., 2021).

Alkaline metal-mediated reduction of PFAS represents a recently
emerging, laboratory-scale approach based on the reduction of PFAS by
alkali metals. A recent study demonstrating 94% defluorination of PFOA
through a lithium-mediated reduction reaction in dimethyl sulfoxide
(DMSO) (Sarkar et al., 2026). While limited by the fact that the degradation
takes place in an organic solvent, there might still be applications such as the
treatment of sorbent regenerant solutions.

Hydrothermal treatment is another emergent technology for PFAS
destruction, which can be conducted under subcritical or supercritical
conditions (J. Li et al., 2022). Under supercritical conditions, known as
supercritical water oxidation, PFAS is oxidized by radicals formed in the
media such as *OH (Prasetya et al., 2025). This technology is in the early
stages of commercializing for PFAS treatment with available commercial-
scale systems shown to achieve >99% PFAS degradation when treating
mixtures of short- and long-chain PFAS, by also adding hydrogen peroxide
to the reactor, increasing radical formation (Scheitlin et al., 2023). Under
subcritical conditions, increasing the pH shifts the dominant degradation
pathway from hydrolysis to hydroxide nucleophilic attack, inducing C-F
bond cleavage. This technique is called hydrothermal alkaline treatment
(HALT), and has been proven to be highly efficient for PFAS degradation
(Hao et al., 2021).

Electrochemical Oxidation

A destruction method that operates by inducing a current between two
electrodes in the contaminated media is EO. PFAS degradation occurs
through a combination of direct electron donation from the PFAS molecule
to the anode and PFAS reaction with oxidizing agents, also formed at the
anode surface, causing a consecutive stepwise chain shortening of the PFAS

45



molecule (Mirabediny et al., 2023). The choice of anode material is thus a
crucial parameter. There are several different materials being tested, such as
cerium-doped lead oxide (Niu et al., 2012), titanium (IIL,IV) oxide (S. Liang
et al., 2022) or antimony-doped tin dioxide carbon aerogels (Zhao et al.,
2013). One promising anode material is boron-doped diamond (BDD) (Tasca
et al., 2025).

BDD exhibits a high oxygen evolution overpotential, which suppresses
oxygen gas formation and allows operation at elevated anodic potentials. As
a result, high concentrations of reactive, weakly adsorbed *OH can
accumulate at the electrode surface, enabling strong direct oxidation of
recalcitrant contaminants such as PFAS, making BDD particularly suitable
for their degradation (Radjenovic & Sedlak, 2015). The production of BDD
electrodes also requires a relatively low input of critical raw materials, as
compared to other stable electrode materials, such as platinum-based
electrodes (Pierpaoli et al., 2020). The cathode is usually made of titanium
or stainless steel (Mirabediny et al., 2023), but it is possible to use BDD for
both electrode types (Soriano et al., 2017). EO has been shown in some
studies to efficiently degrade PFAS, with destruction rates >90 %, often
coupled with high mineralization rates, calculated from mass balances (Niu
et al., 2012; Soriano et al., 2017; Zhao et al., 2013).

While EO has demonstrated the ability to degrade PFAS, incomplete
degradation and the formation of transformation products, including shorter-
chain PFAS or other fluorinated by-products, remain a concern (Rehnstam
et al., 2024), which is shared by all the destructive technologies discussed in
this section.

3.8.5 Treatment trains

It has become apparent during the development of PFAS treatment
techniques that there is currently no single perfect technology. As a result,
several technologies are often combined in so-called treatment trains. One of
the more common approaches is to combine a separation method with a
destruction method, as the destruction methods are often too costly and
energy-prohibitive to use on a dilute PFAS stream. Examples of this include
separation of PFAS by NF followed by destruction with EO of PFAS in the
concentrated reject water (Soriano et al.,, 2017). Destruction by EO has
similarly been deployed for PFAS in concentrated foamate created by FF
(Smith, Lauria, et al., 2023; Uwayezu et al., 2024) or the concentrated PFAS
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waste stream created during the regeneration of AIX resins (S. Liang et al.,
2022). Separation of PFAS from water using GAC has instead been coupled
with thermal degradation of the PFAS sorbed to the carbon, which also
regenerates the GAC (J. Wang et al., 2024; Xiao et al., 2020), while a
hydrothermal approach has been tested to degrade PFAS in plant tissue,
separated from a water stream through phytoextraction (W. Zhang et al.,
2021).

There are also instances where multiple separation techniques are applied
in series. This could be due to the original reject stream still being too dilute
for cost-efficient destruction, such as applying FF, GAC, or IX to NF reject
water (Franke et al., 2019; McCleaf et al., 2023). Alternatively, sequential
treatment can also be used to prolong the life span of a sorbent, such as
reducing the PFAS load on AIX resins by first applying FF, increasing the
operational time until the resins need to be replaced (Burns et al., 2021).

Finally, there are also instances where several destructive techniques are
combined to increase their potency. For example, combining EO and UV
treatment has been proven to result in a higher treatment efficiency than
either of the methods on their own. This is likely caused by UV turning
oxidizing agents created by the EO into more reactive radicals in the bulk
solution, thus not limiting PFAS degradation to the anode surface (Uwayezu
et al., 2023).
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4. Materials and methods

This thesis investigates PFAS behavior in the groundwater zone and
evaluates PFAS treatment strategies for a landfill leachate-impacted aquifer
(Figure 3).

» Paper I determined the K4 for PFAS found across three contaminated
aquifers, including one impacted by landfill leachate. This included
the evaluation of the saturated paste extraction method (SPEM) for
the determination of PFAS K4 and the comparison of the method
with conventional batch leaching tests and field-derived K.

» Paper II explored the implementation of a full-scale treatment train
for the removal of PFAS from leachate and leachate-impacted
groundwater, combining PFAS separation through FF with PFAS
destruction using EO.

» Paper III investigated the use of a pilot-scale planted subsurface
flow CW for the treatment of PFAS in leachate-impacted
groundwater, including the evaluation of multiple plant species.

» Paper IV investigated the addition of a pilot-scale planted subsurface

flow CW planted with Salix as a polishing step following the
treatment train demonstrated in Paper II.

Detailed methods are given in each paper, and a general overview of the
methodology is presented below.
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Paperl
PFAS-contaminated aquifer

Figure 3. Method overview of the four papers included in the thesis.

4.1 Site description

All studies included in this thesis were partly or fully carried out at the same
site. The site is an active municipal solid waste management facility, located
in central Sweden. The site contains a discontinued landfill on which
incineration ashes and other industrial waste were deposited from the 1970s
to the late 2010s. The landfill was capped following discontinuation, with a
maximum volume of 5 L m™ year', able to infiltrate through the capping.
Elevated PFAS concentrations in the groundwater have been detected
by the site owner, with the highest concentrations found in monitoring wells
positioned downstream in the groundwater flow direction from the capped
landfill. A subterranean impermeable barrier has previously been installed to
contain contaminants at the site. Additionally, there is a drainage system
collecting landfill leachate as well as draining groundwater upstream of the
impermeable barrier and transporting it to an on-site leachate treatment plant.

4.2 Raw water acquisition

For Paper II, raw water for treatment with FF was extracted from a
previously established on-site groundwater well, as well as from the above
mentioned drainage system. The daily amount of extracted water varied from
60 to 150 m* per day, with 36 m*/d consistently extracted from the
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groundwater well. This amounted to a total extracted volume of 27 900 m?
during the 11-month treatment period.

For Paper III, raw water for treatment in the CW was extracted from the
same groundwater well used for Paper II. 50 L each for the eight CW was
extracted during the initial 21 days, which was increased to 100 L per CW
for the remaining 66 days of the treatment period.

For Paper IV, water for treatment in the CW was mainly taken from the
FF effluent stream generated in the Paper II study. When the FF experienced
prolonged periods of maintenance-related downtime during the summer of
2024, water was instead collected from a treatment pond connected to the
on-site leachate treatment plant. The water was collected using 2.2 m? steel
tanks, transported to and applied to the wetlands using a wheel loader. A total
of 57.5 m* of FF effluent and 15.4 m? of water from the treatment pond were
applied during the 176-day treatment period.

4.3 Determining Kq values for aquifer materials (Paper I)

Drill cores were collected through sonic drilling from three aquifers with
known PFAS contamination, including two AFFF training sites, and the solid
waste management facility constituting the main study site of this thesis.
Groundwater collection wells were established in the boreholes, enabling the
collection of groundwater samples from the same depths as the
corresponding solid aquifer samples. K4 was then determined using the three
methods described below (Figure 4). Equations used for determining K4 can
be found under section 4.6 Data evaluation.
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Figure 4. Overview of the different methods used for K4 determination in Paper I. A:
batch leaching test. B: field-derived Ky. C: saturated paste extraction method (SPEM).

4.3.1 Batch leaching tests

Batch leaching experiments were performed at a liquid-to-solid ratio (L/S)
of 1 using fresh soil samples. A total of 100 g dry weight (dw) equivalent
soil was placed in 250 mL polypropylene (PP) centrifuge vessels, and
ultrapure water was added to achieve L/S = 1, accounting for inherent soil
moisture. The suspensions were agitated using an end-over-end shaker for
24 hours, followed by centrifugation to separate the solid and liquid phases.

Batch leaching tests are widely used to assess PFAS leaching, and there
are multiple standard methods, usually employing an L/S of 0.5-20 and a test
duration of 18-24 h (Navarro et al., 2024). Negative controls of centrifuge
vessels with ultrapure water were used.

4.3.2 Saturated paste extraction method

SPEM is a leaching test conventionally used to assess soil salinity (Kargas
et al., 2018), and has, to the best of the author’s knowledge, not previously
been used for PFAS Ky determination. The method was applied to soil
samples by combining fresh material with ultrapure water until full
saturation was reached, defined as the point just prior to the appearance of
free-standing water. The saturated mixtures were covered and allowed to
equilibrate at room temperature for 24 hours. Following equilibration, the
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liquid phase was separated from the soil matrix using vacuum filtration
through a PP Biichner funnel equipped with a glass fiber filter.

To evaluate the influence of extraction conditions, different vacuum
filtration durations, ranging from 10 s to 1 h, were tested, including
sequential collection of the liquid phase. Method performance was
additionally assessed through negative controls consisting of ultrapure water
and positive controls prepared from PFAS solutions of known concentration
to evaluate potential contamination and the PFAS recovery of the method.

4.3.3 Field Ky

Field K4 was calculated based on the PFAS concentration of the solid aquifer
material of the drill cores and corresponding groundwater samples collected
at the same spatial location in the aquifer. Deriving field Kq values from drill
cores and groundwater samples was recently done in a large survey of PFAS
at U.S. military installations (Hunter Anderson et al., 2019).

4.4 Treatment methods

441 Foam fractionation (Paper Il)

Full-scale FF was implemented using the 40-foot SAFF 20® containerized
treatment system operated over 11 months (Figure 5). The system comprised
two 2.6 m? primary FF vessels, in which air was introduced into the water
column via venturi sparging to generate a PFAS-enriched foam, using a 20
min hydraulic residence time (HRT). The foamate was directed to a 1.6 m?
secondary FF vessel to further concentrate PFAS and reduce the volume of
the residual waste stream, using a 60 min HRT. The resulting concentrated
foamate was extracted and collected for subsequent destructive treatment
with EO, while the treated water phase from the secondary stage was
recirculated within the system. Effluent from the primary stage was
discharged for further treatment, with CW (Paper IV) or a conventional
leachate treatment process. Water samples were collected from valves on the
equipment (Figure 5) for a total of 16 FF batches.
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Figure 5. Method schematic of Paper II, depicting the FF and EO units.

In addition, the effect of co-foaming surfactants on PFAS separation was
evaluated. The two non-ionic surfactants Polysorbate 20 and Polysorbate 80,
as well as a cationic surfactant of which the composition is undisclosed due
to patent protection, were dosed in separate experiments, into the primary
fractionation stage at varying concentrations using the system’s internal
dosing equipment. These experiments were conducted with an extended
HRT of 60 min to enhance the removal of short-chain PFAS and to assess
the fate of the added surfactants within the treatment process. Water samples
were collected for each test batch according to Figure 5.

4.4.2 Electrochemical oxidation (Paper Il)

The collapsed concentrated foamate produced by the FF treatment was
treated with EO, using a 1 L flow-through electrochemical cell with
electrodes arrayed throughout the cell. Niobium coated with BDD was
always used as the anode material, while the same material or stainless steel
(SS) was used as the cathode. The total anode area was 10 dm?. A voltage of
7 V and an electric current density of 10 mA/cm? were applied. The electrode
polarity was reversed during the batches in order to limit electrode fouling.
When BDD electrodes were used both as anode and cathode, this was done
every hour. When SS cathodes were used, these only served as anodes for 10
min every 6" hour, in order to not to deplete the cathode material. The
collapsed foamate was continuously recirculated through the
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electrochemical cell at a flow rate of 10 L/min from a 1000 L bulk storage
tank, which was operated in batch mode with the entire volume replaced
between batches. The collapsed foamate was returned to the external storage
tank (Figure 5), following EO treatment, and thus returned to the FF. A total
of nine batches were treated, where batch #1 exclusively used BDD
electrodes, and batch nr #9 exclusively used the BDD-SS combination. The
intermittent batches used both sets of electrodes as one set was in the cell
while the other was in an acetic acid bath, with the two sets swapped several
times per batch. This approach was taken in order to keep up continuous
operation while also limiting electrode fouling. Samples were collected from
a valve on the hose transferring foamate from the bulk storage tank to the
flow cell (Figure 5). This was done prior to and at the end of each batch. Five
and six samples were collected for batches #1 and #9, respectively, to assess
the reaction kinetics.

443 Constructed wetland treatment (Papers Il and IV)

The evaluation of treatment using CW was carried out at both pre-pilot
(Paper III) and pilot (Paper 1V) field scales for the treatment of PFAS-
contaminated water. The systems were designed as lined planted basins filled
with a filter substrate consisting of an 8:1:1 (v/v) mixture of lightweight
expanded clay aggregates (LECA), peat, and biochar. The units were
operated under saturated conditions, allowing horizontal subsurface flow
through the basins.

At the pre-pilot scale (Paper III), eight parallel 1.2 m*> CW were
established to evaluate different plant species as well as unplanted controls
(Figure 6). The selected wetland plants included tufted sedge (Carex elata),
fiber hemp (Cannabis sativa - Futura 75), and two intercropped commercial
hybrid willow cultivars (Salix Loden and Salix Wilhelm). Contaminated
groundwater was supplied from a common buffer tank and distributed evenly
across the systems. The CW were operated under controlled hydraulic
loading conditions of 50 and later 100 L per day, with continuous inflow and
internal recirculation. Effluent was discharged via overflow, and water
samples were collected periodically for PFAS analysis. At the end of the 87-
day experimental period (June — September 2022), plant tissues and substrate
materials were collected to assess PFAS distribution within the system.
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Figure 6. Schematic of the treatment setup used in Paper III. Republished with
permission from Elsevier (Liljestrom et al., 2025).

At pilot scale (Paper IV), a larger 147 m> CW was established as a sealed
basin equipped with influent and effluent wells (Figure 7). The basin was
filled with alternating sections of the same substrate mixture used in the
study of Paper III, but also included LECA-only sections to improve flow
through the system. The CW was planted with S. Wilhelm and allowed an
initial establishment season prior to operation. During treatment, water was
introduced at the influent well and allowed to be distributed throughout the
CW, including through internal recirculation. Effluent discharge was
controlled based on water levels, and effluent volume was monitored to
regulate hydraulic loading, aiming for a 90% influent volume reduction. This
reduction goal was, however, not met due to a combination of large volumes
of water applied at once when water was taken from the treatment pond,
overloading the system, and a faster than anticipated reduction in
evapotranspiration rate in the fall, combined with rain events, achieving a
total volume reduction of 48%. Influent and effluent streams were sampled
monthly, and substrate and plant samples were collected at four time points,
including one before the start and one after the end of the treatment period.
The system was operated for 176 days (May - November 2024).
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Figure 7. Schematic of the CW evaluated in paper I'V.

4.5 Chemical analysis

451 PFAS analysis in water

For paper 111, target PFAS analysis was performed in-house for 29 PFAS
(Table 2) using a validated method previously described (Smith et al., 2022).
Briefly, samples were filtered using 0.7 um Whatman glass microfiber
filters. Subsequently, samples were spiked with a mass-labelled standard
mixture prior to solid phase extraction (SPE) with Oasis WAX cartridges (6
mL, 150 mg, 30 um, Waters). Extracts were concentrated under a nitrogen
stream before analysis on an ultraperformance liquid chromatography
system coupled to tandem mass spectrometry (UPLC-MS/MS, Sciex Triple
Quad 3500) using a Phenomenex Gemini® 3 um C18 110 A analytical
column.

The water samples of Papers I, II, and IV were analyzed for 24-33 PFAS
by Eurofins Sweden (Table 2).

A selection of FF influent samples was analyzed for total oxidizable
precursors (TOP) by Eurofins Sweden, and all samples of one EO batch were
analyzed for adsorbable organic fluorine (AOF) by Eurofins Sweden.
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Table 2. Overview of PFAS analyzed in aqueous samples
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PFAS Paper I Paper II | Paper 1II | Paper II1 Paper IV
FF EO and co-

surfactant

tests
EtFOSA X X X
EtFOSAA X X X X X
EtFOSE X X X
P37DMO X X X X
A
6:2 Cl- X
PFESA
8:2 Cl- X
PFESA

4:2 FTSA = 4:2 fluorotelomere sulfonate, 6:2 FTSA = 6:2
fluorotelomere sulfonate, 8:2 FTSA = 8:2 fluorotelomere sulfonate, 6:2
FTAB = 6:2 fluorotelomer sulfonamido betaine, HPFHpA = 7H-
perfluoroheptanoic acid, HFPO-DA = tetrafluoro-2-
(heptafluoropropoxy)propanoic  acid, PFECHS =  perfluoro-4-
ethylcyclohexanesulfonate, NaDONA = dodecafluoro-3H-4,8-
dioxanonanoic acid, FOSA = perfluorooctane sulfonamide, FOSAA =
perfluorooctane sulfonamidoacetic acid, MeFOSA = N-
methylperfluorooctane sulfonamide, MeFOSAA = N-
methylperfluorooctane  sulfonamidoacetic ~acid, MeFOSE = N-
methylperfluorooctane sulfonamidoethanol, EtFOSA = N-
ethylperfluorooctane sulfonamide, EtFOSAA = N-ethylperfluorooctane
sulfonamidoacetic acid, EtFOSE = N-ethylperfluorooctane
sulfonamidoethanol, = P37DMOA = perfluoro-3,7-dimethyloctanoic acid,
6:2 CI-PFESA = 9-chlorohexadecafluoro-3-oxanonane-1- sulfonic acid , 8:2
CI-PFESA = 11-chloroeicosafluoro-3-oxaundecane-1- sulfonate acid, .

4.5.2 PFAS analysis in filter substrate and plant tissue

Plant and filter substrate sample preparation

Plant and filter substrate samples were prepared in-house for both Papers 111
and IV. For Paper III, the filter substrate was separated into LECA and
organic fraction, whereas a combined substrate sample was used for Paper
Iv.
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Plant material was divided into relevant tissue types depending on species
and cleaned following a standardized protocol, as previously described
(Nassazzi et al., 2022). Plant roots were carefully cleaned to remove adhering
substrate, and all plant tissues were rinsed sequentially with ultrapure water
and an ultrapure water/methanol solution to minimize external
contamination. Plant tissue and substrate samples were subsequently freeze-
dried and homogenized to ensure representative extraction.

Plant and filter substrate extraction and PFAS analysis

Extraction and target analysis of 29 PFAS (Table 3) for plant and filter
substrate samples were performed in-house for Paper III using a previously
validated method (Nassazzi et al., 2022). Briefly, the homogenized samples
were spiked with mass-labelled standard mixture and subsequently extracted
using repeated solvent extraction with methanol assisted by sonication. The
extracts were separated from residual solids by centrifugation and subjected
to clean-up using Supelco ENVY-carb cartridges (1 g, 12 cc, Supelco).
Extracts were then concentrated under a nitrogen stream prior to instrumental
analysis using UPLC-MS/MS as described in section 5.1.1.

Soil, plant, and filter substrate samples for Papers I and IV were analyzed
for 22-33 PFAS (Table 3) by Eurofins Sweden.

Table 3. Overview of PFAS analyzed in solid samples

PFAS Paper I Paper 111 Paper 1V | Paper IV
filter plant
substrate tissue

PFBA
PFPeA
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45.3 General chemistry

General chemistry, including dissolved organic carbon (DOC), ions
(including fluoride), metals, pH, and conductivity were analyzed in water
samples by ALS Scandinavia for Paper I and Eurofins Sweden for Papers 11
and IV.

Nutrients for Papers III and IV, and general chemistry, including DOC,
metals, and ions in Paper I1I, were analyzed by the accredited geochemistry
laboratory at SLU.

Field measurements of pH and conductivity were carried out for Papers
II-1V.

Additional fluoride measurements using a fluoride-selective electrode
were performed for one EO batch in Paper II.

4.6 Data evaluation

K4 values were calculated as the ratio between PFAS concentrations in the
solid and aqueous phases according to Equation 2:

C
Kd=_s 2
C, (2)

Corrections were applied to account for residual porewater associated
with solid samples, assuming equal concentrations of sampled liquid and
solid porewater, which may introduce uncertainty, and a water density of 1
kg/L, according to Equation 3:

1-T5)
TS 3)

Cs = Ctot:dw - Cw X

where Cioeaw is the analyzed solid phase concentration including PFAS in
residual water, Cy is the concentration of PFAS in the water, and TS is the
total solid fraction of the moist residual soil.

For field-based estimates, solid-phase concentrations were derived as
weighted averages of soil layers corresponding to groundwater sampling
intervals in cases where several soil samples overlapped one groundwater
sample, according to Equation 4:
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overlap:tot

(Cs:l X loverlap:l) + (CS:Z X loverlap:z)/ (4)
Cw

Kd:field =

where Cs.; and Cs are the PFAS concentrations of the two overlapping
soil samples, lovertap:1, Loverlap:2, aNd lovertap:tot are the respective overlap lengths
with the groundwater collection filter screen, and C,, is the average PFAS
concentration in groundwater (n = 3 to 7). Here, Cs.1 and Cs., are corrected
for PFAS in the porewater (Equation 3).

Treatment performance in Papers II and III was evaluated using
treatment efficiencies calculated from influent and effluent concentrations
according to equation 5:

_ Cer

rE=1-- ®)

where Cer i1s the effluent concentration, and Ci, is the influent
concentration.

For Paper IV, efficiencies were instead calculated on a mass balance basis
due to the large volume difference between influent and effluent streams,
according to equation 6:

Copra X Verpa + Coppa X Vegpiz e

TE=1-
Cin:l X Vin:l + Cin:Z X Vin:Z (6)

Where Cinn is the influent PFAS concentration per month 7, Vina is the
influent volume of that month, Cefrn is the effluent PFAS concentration per
month 7, and Ve 1S the effluent volume of that month.

Mass balance recoveries (R) were established in Papers II (Equation 7)
as well as for Papers III and IV (Equation 8):

_ Veff X CEff + Vfoam X Cfoam .
Vin X Cin ( )
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_ Veff X Ceff + mplant X Cplant + Msup X Csub + Mieca X CLECA
= ®
Vin X Cin

Where Vi, is the influent volume, Ci, 1s the influent PFAS concentration,
Veir 18 the effluent volume, Cesr is the effluent PFAS concentration, Viam 1S
the foamate volume, Cram is the foamate PFAS concentration, mipian: is the
plant mass, Cpiane is the plant PFAS concentration, msy is the mass of filter
substrate, Cqyp is the filter substrate PFAS concentration, migca is the mass
of LECA and Cieca is the LECA PFAS concentration. Vi, was assumed to
be equal to Vex for Paper III due to an assumed negligible volume lost
through evapotranspiration relative to the influent. The plant term given here
represents both Salix and weed for Paper IV.

To evaluate if the EO degradation followed first-order reaction
kinetics, the linearity of the natural logarithmic transformation of the
PFAS concentration was assessed after being plotted against the applied
specific charge input.

Bioconcentration factors (BCF) were calculated for both Papers III and
IV. In Paper III the BCF was calculated in relation to the influent water
(Equation 9) and in Paper IV it was calculated in relation to the filter
substrate (Equation 10):

BCF = Cf—f )
Cplant

BCF = -2t (10)
Csub

Phytoremediation potential was further estimated using literature-based
biomass production values (Banaszuk et al., 2020; Zegada-Lizarazu et al.,
2010) and combining them with the observed plant PFAS concentrations in
Papers III and IV.

For datasets including measurements below detection limits (Paper III)
or reporting limits (Papers II and I'V), a consistent substitution approach was
applied, where values were set to half the reporting limit if the compound
was detected within the dataset, which is a common but potentially biasing
approach, and otherwise treated as zero. No substitutions were made for
Paper I, and Kq4 values were, in these cases, deemed non-determinable.
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4.7 Statistical methods

Statistical methods were selected based on data distribution, sample size, and
experimental design. Statistical significance was assessed at a. = 0.05.

Regression and modeling approaches

Linear regression models were used to evaluate relationships between
response and multiple explanatory variables. In some cases, linear mixed
effects models were used to also account for random effects arising from
grouped or repeated measurements.

Test of distributions and assumptions

The Shapiro-Wilk normality test was used to assess whether a dataset
followed normal distribution to determine if a parametric or non-parametric
statistical test was appropriate for subsequent analysis.

Parametric statistical tests

Paired t-tests were used to determine whether the mean difference between
two paired groups was statistically significant. ANOVA was used to evaluate
differences in PFAS composition between samples and their interaction on a
response variable. Z-tests were used to assess whether an observed value
differed from a baseline.

Non-parametric statistical tests

Paired Wilcoxon tests with the Benjamini-Hochberg correction were used to
compare paired groups with adjustment for multiple comparisons to control
the false discovery rate. The Kruskal-Wallis test with the Dunn post-hoc test
was used to assess differences between multiple groups, followed by
pairwise comparisons to identify specific group differences. PERMANOVA
based on Bray-Curtis dissimilarity was used to estimate differences in PFAS
composition when parametric conditions could not be assumed.

Outlier detection

The Dixon outlier test was used to identify potential outliers in small datasets
based on the relative distance between observations. For datasets with many
variables, a principal component analysis (PCA) was used to reduce data
dimensionality, after which the Mahalanobis distance was applied to identify
multivariate outliers based on deviation from the overall data structure.
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5. Results and discussion

5.1 Determining Kq values for aquifer materials (Paper I)

Paper I demonstrated that SPEM is a promising approach for determining
PFAS Kj values and that it was more reliable than batch leaching tests at L/S
1 for determining low Ky values. The results were also comparable to Kq
values derived from field measurements of aquifer drill cores and
groundwater samples (Figure 8).

The Kq values obtained in Paper I showed that the K4 of low OC sandy
aquifers was low for most detected PFAS, most likely due to the very low
OC of the aquifer soil. If the Koc was to be estimated using half of the
reporting limit, as concentrations were consistently below the 0.2 %
reporting limit in these samples, then these estimates would fall within the
range of the values reported in a large meta-analysis by Brusseau et al.
(Brusseau, 2024). Thus supporting the interpretation that the low Kqy values
observed, to a large extent, could be attributed to the low OC content of the
aquifers. The estimated K. values of Paper I should, however, be interpreted
with caution, as small variations in the unknown OC content of these samples
could have large effects on the K.

There was a significant positive correlation between Kg¢ and
perfluoroalkyl chain length (Figure 8). The functional group also influenced
partitioning behavior, especially with 6:2 FTAB, exhibiting a considerably
higher K value than the other detected PFAS, likely caused by its bulky and
zwitterionic functional group (Barzen-Hanson et al., 2017).
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Figure 8. Average Kq values for soils at the two AFFF sites, determined both as a field
value and with the SPEM method, using 10 or 15 s vacuum extraction. Error bars show
the standard error of the mean. The number of samples varies by PFAS (maximum »n =
7). Data points without error bars indicate PFAS where K4 was determined in only one
sample (n = 1). Trend lines indicate significant linear regression based on the PFAA.

The low Kq values determined suggest that PFAS are highly mobile in
these types of aquifer systems. However, the results also indicate that certain
PFAS precursors, such as 6:2 FTAB, might be less mobile, which has been
shown previously (Shea et al., 2025). This highlights the importance of
understanding PFAS precursor transformation pathways and kinetics in
order to predict PFAS groundwater transport.

The low K4 of PFAS suggests that pump-and-treat may be an effective
remediation solution for a PFAS-contaminated aquifer, as the retention of
PFAS in the aquifer during groundwater extraction would be low. Aquifer
heterogeneity may, however, still prolong remediation timeframes. The
PFAS composition in the aquifer is, as shown in Paper I, also important, as
sites impacted by 6:2 FTAB-containing AFFF, as an example, would be less
amenable to pump and treat than sites dominated by short-chain PFCA (e.g.
landfills).

If pump and treat is chosen as a method for remediation of an aquifer, it
is critical to first treat the vadose zone to prevent influx of PFAS to the
saturated zone. The unsaturated zone will exhibit a substantially higher
PFAS retention than the aquifer, both due to higher OC contents increasing
Kq4 and the presence of large air-water interfaces in the unsaturated material,
to which surface-active PFAS will adsorb (Gnesda et al., 2022; Pritchard et
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al., 2026; J. Zeng et al., 2021). The vadose zone might thus act as a long-
term reservoir that continuously leach PFAS into the aquifer, extensively
prolonging the time scale required for the pump and treat remediation.

Overall, the findings show that PFAS generally exhibit low sorption in
low OC aquifer materials, as captured by SPEM-derived Kj values.
Variations in chain length, functional group, and vadose zone interactions
will, however, still influence PFAS mobility and, in extension, the
effectiveness of remediation strategies.

5.2 Foam fractionation for PFAS separation (Paper Il)

The study of Paper II showed FF to be highly efficient for separating long-
chain PFAS (Figure 9) with a sum long-chain PFAA separation of 98 + 2.6%.
Short-chain separation was lower, as expected with an FF system (Burns et
al., 2021, 2022; Smith et al., 2022), with a sum short-chain PFAA separation
of 14 + 7.6%.

While a clear and significant correlation existed between treatment
efficiency and chain length, a mixed-effects model revealed no statistically
significant overall impact of the functional group on treatment efficiency.
The mean removal of some PFSA were, however, higher than that of the
PFCA of the corresponding chain length (e.g. PFPeS vs PFHxA), suggesting
that PFSA are more efficiently removed than PFCA. This has also been
observed in previous FF studies (We et al., 2024). This difference is likely
due to the carboxylic group being more strongly hydrated in bulk water,
increasing the free energy penalty for adsorption at the air-water interface,
and reducing the surface activity relative to the PFSA (Shao et al., 2010).

Interestingly, HPFHpA was found to have a significantly lower treatment
efficiency than PFHpA, (3.5 = 11 % compared to 71 = 20 %). With the
reduced surface activity of HPFHpA caused by the dipole moment of the
terminal CF,H group, this behavior could be expected (Downer et al., 1999),
but the magnitude of the effect on FF separation has, to the best of the
authors' knowledge, not previously been reported. These findings highlight
the importance of the PFAS composition in order to achieve efficient
treatment with FF.

The addition of co-foaming surfactants during FF increased the
separation of short-chain PFAS. The cationic surfactant was the most
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efficient, with a sum short-chain PFAA separation of 67% at a 10 mg/L dose.
A 10 mg/L dose of the two non-toxic surfactants, polysorbate 20 and 80, also
increased the sum short-chain PFAA separation to 46% and 49%,
respectively. The treatment efficiency increased with increased surfactant
dose for all the surfactants (the effect of polysorbate 80 is shown as an
example in Figure 9), suggesting that the optimal additive concentration is
likely >10 mg/L.

A previous bench scale study did contrary to these results, find that the
maximum surface excess of polysorbate 80 was reached below 5 mg/L,
suggesting that increasing the concentration above 5 mg/L. would not
increase PFAS separation (Klevan et al., 2025). The results in Paper 1II,
however, contradict these findings, with a clear increase in treatment
efficiency for several PFAS with an increase in polysorbate 80
concentrations from a 6 to 10 a mg/L addition. This discrepancy may reflect
differences between controlled bench-scale systems and complex field
matrices.

A range of co-foaming surfactants have previously been tested, such as
CTAB, sodium dodecyl sulfate (SDS), Triton x-100, saponin, and a shea
butter-derived surfactant. These results generally show that cationic
surfactants have the highest potential for the increased removal of short-
chain PFAS, followed by zwitterionic surfactants, while non-ionic and
anionic surfactants have the lowest effect. Additionally, decreasing pH in
order to turn a zwitterionic surfactant more cationic was shown to markedly
increase its effect (Klevan et al., 2025; Vo et al., 2023).

The separation of PFBA was not significantly increased by any of the co-
foaming surfactants tested for Paper II, and only limited effects were seen
for the separation of PFPeA. Previous studies have shown complete
separation of PFBA with a CTAB addition (Buckley et al., 2023), while other
studies did not observe any separation at all of PFBA after a CTAB addition
(Vo et al., 2023). This discrepancy highlights the importance of other
parameters such as water chemistry, surfactant dose, and FF operational
conditions.

The results suggest that an alternative treatment method or post-FF-
polishing step should be considered if PFBA or shorter-chain PFAS
constitutes a major fraction of the PFAS composition.

Overall, the results show that FF achieved near-complete separation of
long-chain PFAS, but limited removal of short-chain compounds. The
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treatment efficiency of short-chain PFAS was, however, markedly improved
for short-chain PFAS through the addition of co-foaming surfactants. The
removal of PFBA and, to some extent, PFPeA, however, remained limited.
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Figure 9. Treatment efficiency of FF for a selection of PFAS as demonstrated in Paper
II. The reference represents FF treatment using air only (n = 15). The co-foaming
surfactant polysorbate 80 is shown at the three tested concentrations (n = 1).

5.3 Electrochemical oxidation for PFAS destruction
(Paper II)

Treatment with EO was able to achieve PFAS degradation (Figure 10). The
degradation pathway was shown to occur in a stepwise pattern, with PFAS
transforming into shorter-chain variants. This is manifested as an initial
increase in <C6 PFAS concentrations as their initial formation rate is higher
than their rate of degradation. As the longer-chain PFAS are depleted, the
degradation rate of the short-chain PFAS eventually surpasses their rate of
formation, leading to concentration decreases.

The proposed main degradation pathway, when using BDD electrodes,
can be simplified as C,-PFCA > C,.;-PFCA and C,-PFSA - C,..-PFCA,
with the transformation rate following pseudo-first-order kinetics (Tasca et
al., 2025). The formation of PFBS that can be seen in Figure 10 contradicts
this proposed pathway. The PFBS concentrations are, however, very low,

71



suggesting that the formation of PFBS is a side reaction rather than the main
reaction pathway or a result of the degradation of non-analyzed PFAS
precursors such as perfluorobutane sulfonamide (FBSA). The reaction
kinetics across all PFAS is complex and likely involves the formation of
unknown intermediates (Rehnstam et al., 2024; Smith, Lauria, et al., 2023).
The reduction rate of PFDA and PFOS, however, which were both without
known precursors present at high concentrations, can be seen to follow first-
order kinetics (R? = 0.93 and 0.95, respectively), supporting this theory.

Although not explicitly analyzed, ultra-short-chain PFAS are likely
formed during the EO process. While most EO studies have not measured
these compounds, the formation of low levels of TFA has previously been
reported (Asadi Zeidabadi et al., 2024; Liao & Farrell, 2009). However, high
fluorine recoveries 97% for the BDD-SS batch and 99% for the BDD-BDD
batch observed in the study of Paper I1, suggest that ultrashort-chain-PFAS,
if present, are eventually also degraded and not present at environmentally
relevant concentrations at the end of the treatment.

The concentrations of several PFAS in the 5 Ah/L sample of batch #1
(Figure 10) were lower than expected based on a logarithmic decay trend,
resulting in an apparent reduction in treatment efficiency between 5 and 10
AN/L. This is likely caused by excessive foam formation in the bulk foamate
reservoir during the beginning of the batch experiment, leading to artificially
reduced PFAS concentrations in the sampled liquid due to partitioning of
PFAS into the foam. This interpretation is supported by the fact that this
effect was observed for PFHpA, PFOA, PFPeS, and PFOS but not for PFBA,
PFHxA, or PFBS, as these short-chain PFAS are less prone to partition into
foam, as shown by the results of the FF treatment. As PFAS concentrations
were reduced during the treatment, foam formation also declined, thereby
reducing the influence of this artifact over time.

While batch #1 achieved a EPFAS treatment efficiency of 88%, the
average LPFAS concentration reduction in foamate treated by EO was only
58%. This was primarily due to operational challenges, including substantial
problems with electrode fouling for both sets of electrodes, precipitation
blocking pipes, and power outages. Electrode fouling is a well-known issue
in EO (S. Sharma et al., 2022; Shi et al., 2024; Tan et al., 2025). As the
fouling observed in Paper II was mainly attributed to calcium carbonate,
operating at a lower pH could mitigate the problem by increasing calcium
carbonate solubility and reducing carbonate availability. Another approach
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could be to include a cationic exchange filter before the EO in order to
separate the calcium ions prior to the treatment (Pérez-Gonzalez et al., 2015).

Visual observation detected no difference in fouling between the two sets
of electrode materials. The niobium base of the BDD electrodes did,
however, show clear signs of hydrogen embrittlement when used as cathodes
for extended periods of time. This is known to occur in niobium under
cathodic conditions, leading to cracks in the material (Zhao et al., 2020),
reducing the operational life of the electrodes. The combination of BDD
anodes and SS cathodes is thus likely a better option than using BDD for
both electrode types.

It should be noted that many problems experienced, such as blocked pipes
and power outages, can be attributed to the very early-stage full-scale
deployment of the system rather than shortcomings of the technology in
itself.

Overall, the results show that EO is able to degrade PFAS through
stepwise chain-shortening, with high fluorine mass balance recoveries
indicating PFAS mineralization. Further optimization of the system and its
operation, such as developing strategies against electrode fouling, is,
however, necessary to ensure consistent and efficient treatment.
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Figure 10. The concentration of a selection of PFAS at 6 time points during EO treatment
(n =1). Lines are included for visualization purposes only.
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5.4 PFAS behavior in subsurface flow constructed
wetlands (Papers Ill and V)

Sorption to the filter substrate was identified to be the main removal
mechanism of PFAS in the tested CW systems, both without (Paper III) and
with FF pre-treatment (Paper IV). The main driver of this is the large volume
of substrate relative to plant biomass, such as the estimated 8 600 kg of
substrate vs 310 kg of plant biomass in the CW evaluated in Paper IV.

A key difference between the two studies stems from the PFAS
composition, as the FF pre-treatment effectively removes long-chain PFAS
(Paper II). Since PFAS sorption to solid matrices is highly correlated to the
perfluoroalkyl chain length, as seen in Paper I, the PFAS sorbed to the peat
and biochar mixture, as well as to the LECA when treating raw groundwater,
were dominated by long-chain PFAS (77 and 93% of ZPFAS, respectively)
(Figure 11). These results are consistent with previous findings showing that
PFAS partitioning into CW sediments is strongly chain-length dependent
(W. Liu et al., 2025). When FF pre-treatment is applied, the concentration of
PFAS sorbed to the filter substrate and LECA is consequently drastically
reduced compared to when treating raw groundwater (Figure 11).

The biochar and peat mixture may still be beneficial in order to support
and stimulate plant growth in the wetland (Kasak et al., 2018). Its inclusion
may, however, be less critical for PFAS removal in CWs using FF pre-
treatment. Consequently, replacement of spent filter substrate as a PFAS
removal strategy may not be necessary if FF pre-treatment is applied. It
should be noted that the peat and biochar fraction in Paper III and the filter
substrate fraction from Paper IV are not directly comparable, as the latter
also contains 80 vol% LECA.

PFAS were taken up and accumulated by all plant species in both studies
(Papers III and IV ). In contrast to the filter substrate sorption, the plant
uptake observed in Paper III favored short-chain PFAS (57% of ZPFAS),
representing a slight increase from the influent water composition (50% of
YPFAS).

The reduction in PFAS concentration of the CW influent when FF pre-
treatment was applied consequently also reduced the PFAS uptake by plants,
as shown in Figure 11. This effect becomes evident when comparing PFAS
concentrations in S. Wilhelm plants harvested in September between the two
studies. Plant concentrations were similar for PFAS that were not effectively
separated by FF, such as PFPeA (2.1 vs 2.1 ng/g dw) and PFBA (5.0 vs 4.2
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ng/g dw) in CW receiving raw groundwater and FF-effluent, respectively. In
contrast, PFAS efficiently separated by FF showed markedly lower plant
concentrations when receiving FF-effluent as opposed to raw groundwater,
such as PFOA (0.093 vs 2.2 ng/g dw) and PFOS (<0.10 vs 0.73 ng/g dw).
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Figure 11. PFAS concentrations in different matrices in a CW receiving raw groundwater
(without FF) (Paper IIT) and a CW receiving FF-effluent (with FF) (Paper IV). Note that
peat and biochar, and substrate mixture are not directly comparable as the substrate
mixture used in Paper IV also contain 80% LECA. Without FF: Water n = 3, S. Wilhelm
n = 2, Peat and Biochar n = 8, LECA n = 8. With FF: water n = 1, S. Wilhelm n = 4,
substrate mixture n = 9, LECA n = 3. Adapted from Paper III (Liljestrom et al., 2025)
with permission from Elsevier.

As for the distribution of PFAS between plant tissues, short-chain PFAS
preferentially accumulated in leaves, whereas long-chain PFAS were found
to accumulate in roots. Significant correlations between chain length and
BCF for both leaves and roots were observed in the study of Paper III, while
concentrations in the stems and twigs were found to be low for all PFAS
(Figure 12). The chain length-dependent distribution of PFAS between roots
and leaves is well known and has been shown in several previous studies
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(Blaine et al., 2014; Felizeter et al., 2012; N. Sharma et al., 2020). When FF
pre-treatment was applied, effectively removing long-chain PFAS, 82-84%
of ZPFAS consequently accumulated in the leaves. Analysis of leaf-litter
collected in October showed no significant difference in PFAS composition
or concentration compared to the leaves remaining on the Salix, suggesting
that over 80% of the PFAS taken up by plants may be remobilized during
leaf senescence. While problematic from a treatment perspective, it also
suggests the possibility of harvesting highly contaminated leaves for disposal
as hazardous material, while the relatively low-contaminated woody biomass
(stems) can be utilized for bio-energy production or to produce biochar. As
implementing leaf collection systems may pose logistical challenges, an
alternative approach could be annual Salix harvests before leaf fall. This is,
however, not optimal for Salix cultivation and would likely result in reduced
biomass production (Zegada-Lizarazu et al., 2010). Another option would be
to use alternative plant species. Both C. elata and C. sativa, evaluated in
Paper 111, would avoid the issue of PFAS remobilization via leaf litter. C.
sativa, additionally, accumulated the highest PFAS concentrations among all
tested plants and could thus be considered a promising species for PFAS
phytoextraction. However, as it requires well-drained soils for cultivation, it
is likely not suitable for application in a CW, as shown by the high mortality
rate of C. Sativa (65%) observed in Paper III. C. elata, on the other hand,
produces a low amount of biomass compared to Salix or C. sativa. However,
the Carex genus could be of interest for PFAS treatment using a CW due to
its ability to thrive in wetlands. The existence of highly salt-resistant species
such as C. distans for treating saline leachate (Choo et al., 2001), and the fact
that they don’t shed leaves, allowing them to be annually harvested late in
the year, are also reasons to consider the Carex genus in future CW
applications.
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Figure 12. BCF (Equation 9) between different tissues of S. Wilhelm and influent water
(n =2), adapted from Paper III (Liljestrom et al., 2025) with permission from Elsevier.

With an influent volume between 41.6 and 83.3 L m2 d!, the volume
losses in Paper III were assumed to be negligible and were therefore not
measured. Evapotranspiration losses for irrigated Salix stands in Uppsala
have previously been estimated to 2.6 L m2 d!(Persson & Lindroth, 1994).
The influent volume was markedly reduced for Paper IV to 2.82 L m2 d,
or 3.59 L m d™! when accounting for precipitation inputs, partly due to the
modest treatment efficiency observed by the CW in Paper IIL
Evapotranspiration was estimated to 2.11 L m2 d !, leading to a reduction in
contaminant water volume of 48%. While no significant reduction in PFAS
concentrations was observed after the CW treatment, the large volume
reduction nevertheless resulted in a ~50% reduction in total PFAS load.

Overall, PFAS separation in the CW was primarily governed by sorption
to the filter substrate. Phytoextraction was also observed characterized by
preferential uptake of short-chain PFAS and a clear chain length-dependent
distribution between roots and leaves. However, accumulation in leaves and
subsequent remobilization during senescence represent a limitation. While
the CW achieved limited reductions in particularly short-chain PFAS
concentrations in the treated water, substantial volume reduction may
nevertheless enable a meaningful decrease in overall PFAS load.
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5.5 The integrated treatment train for PFAS-
contaminated water (Papers Il and IV)

The mean XPFAS concentration in water decreased by 50% after FF
treatment (Figure 13). Short-chain PFAS mainly remained in the FF effluent,
and the long-chain PFAS were mainly separated into the foamate, with an
average concentration factor of ~1200x.

The mean fraction of short-chain PFCA increased after the EO treatment
from 1.5% to 18%, but the EO-treated foamate was still dominated by long-
chain PFAS (73%) due to the moderate mean treatment efficiency of the
system as described above. The enrichment of short-chain PFCA during EO
may be problematic, as the treated water is recirculated to the FF unit, which
is inefficient in separating these compounds without added co-foaming
surfactants. Even with such additives, FF, as shown in Paper II, provide
limited separation of PFBA and PFPeA. Although optimization of the EO
process can reduce this issue, a post-EO treatment step should still be
considered, as the foamate may retain high PFAS concentrations despite a
high EO treatment efficiency, due to the very high initial concentrations of
the foamate. An interesting technology for this could be the use of
membranes such as NF, which has demonstrated effectiveness for short-
chain PFAS separation (Griffin et al., 2024; Wu et al., 2025). The NF reject
volume could be returned to the EO-cell. Additionally, pre-treatment with
EO using BDD electrodes has previously been shown to reduce the fouling
of water treatment membranes by oxidizing the organic matter in the water,
reducing the transmembrane pressure of the following filtration step by up
to 67% (Gonzalez-Olmos et al., 2018). Continuously returning the PFAS-
rich reject water to the EO might, however, lead to PFAS accumulation in
the system, suggesting that a sorbent solution might be more appropriate.

The mass balance recovery of the FF system was 77% (Figure 14), which
is within the range of what has previously been reported in pilot-scale
experiments (Smith et al., 2022; Smith, Lewis, et al., 2023). The mass
balance gap could partly be explained by analytical uncertainty, the
difference between the water and foamate matrices, and the fact that only 15
out of more than 10 000 FF batches were included in the analysis. It could,
however, also at least partly be explained by aerosol formation in the FF
process, with PFAS being transferred to the system's air filters, which were
not analyzed. While PFAS emissions via aerosol formation have been shown
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to occur, it would likely only be able to explain a fraction of the missing
recovery (McCleaf et al., 2023; Smith, Lewis, et al., 2023).

The FF effluent contained almost exclusively short-chain PFAS and was
dominated by PFCA (82% of XPFAS). These compounds were efficiently
taken up by plants, with the PFAS composition of the plants being similar to
that of the influent water. The concentration factor from water to plant tissue
was, however, only ~7.5x, indicating that very large amounts of biomass
would be required to treat industrial-scale flows. The FF system treated ~30
000 m* over the 11-month study period (Paper IT). Assuming a biomass yield
of 20 tons ha! yr! (Zegada-Lizarazu et al., 2010), it would require ~200 ha
of cultivation area in order to provide adequate treatment of the volumes
generated by the FF system through phytoextraction. By comparison, the
average arable land area of a Swedish farm is 49 ha (Olsson, 2025),
highlighting the limited feasibility of phytoextraction as a separation method
for PFAS in water at large scale.

A modest PFAS accumulation was observed in the CW filter substrate,
with an increased fraction of long-chain PFCA and PFSA, likely partly
attributed to the pond water applied during the summer of 2024 when the FF
was out of operation. This increase in the fraction of long-chain PFAS was
also detected in the wetland effluent. The overall increase in PFAS
concentration in the CW effluent is likely due to a combination of higher
PFAS concentrations in the water from the treatment pond compared to the
FF effluent and the concentration increase of PFAS caused by the water
volume reduction in the CW as a result of evapotranspiration. The
accumulation of PFAS in the filter substrate could also pose a future
challenge if a large CW is established, as it would require long-term
maintenance to prevent leaching and subsequent contamination of
underlying soil and groundwater. In addition, eventual reconditioning or
decommissioning of the CW would generate large amounts of PFAS-
contaminated solid material that would need to be managed and disposed of
safely.
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Figure 13. The treatment setup of Papers IT and IV, with mean PFAS composition and
concentration for short-chain (SC)-PFAS ( <C6 PFCA and <C5 PFSA) and long-chain
(LC)-PFAS shown before and after each treatment step including FF influent and effluent
(n =15), EO influent and effluent (n = 9), filter substrate (n = 9), Salix (n = 4), wetland
effluent (n = 6). The Salix and filter substrate samples were collected in September
2024. The margin of error is given as the standard deviation. The number of PFAS
analyzed varied between studies: 24 in FF influent and effluent, 32 in EO
influent/effluent and wetland effluent, and 22 in filter substrate and plant material.
However, analysis of FF influent for the full set of 32 PFAS showed that 98% of the total
PFAS concentration was accounted for by the 20 compounds included across all sample

types.
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Figure 14. The total measured PFAS mass flows of the systems studied in Papers II and
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Overall, the results of the various treatment units presented in this thesis
show that a combination of FF and EO could be used to separate and
mineralize long-chain PFAS from groundwater or leachate. While the
additions of co-foaming surfactants markedly increased the separation of
short-chain PFAS by the FF, a polishing step able to effectively treat PFAS
such as PFPeA or PFBA should still be considered, as these were still not
effectively removed by the FF and could additionally be formed in the EO
process if complete mineralization is not achieved. The inability of the CW
to decrease PFAS concentrations in the treated water, however, limits its use
as such a polishing step.
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6. Conclusions

To the best of the authors' knowledge, the work contained in this thesis
presents the first-ever field-scale integrated treatment train combining FF,
EO, and CW, deployed for real-world remediation. Additionally, the large
volumes treated by the combination of FF and EO represent a substantial
scale-up beyond most previously reported studies. The use of SPEM to
determine PFAS Ky has, to the best of the authors' knowledge, also never
previously been performed.

The work carried out in this thesis demonstrates that SPEM appears to be
a robust and reliable approach for determining PFAS Ky in low Kjy
environments, such as low OC sand aquifers. SPEM was shown to
outperform traditional batch leaching tests conducted at L/S 1 under the
conditions studied, as well as producing results comparable to field-derived
values. The results further highlight the low sorption of many PFAS in low
OC sand aquifers. A strong correlation was observed between Kg and
perfluoroalkyl chain length, and the K4 of 6:2 FTAB was substantially higher
than that of the other PFAS detected at the sites. This underscores the
importance of characterizing PFAS composition prior to transport modelling
and remediation strategy selection, as for example, pump and treat would
require longer treatment times for a site contaminated with relatively high Ky
precursors such as 6:2 FTAB compared to a site contaminated with short-
chain PFAA. This also highlights the need to consider precursor
transformation pathways and kinetics.

The use of FF was shown to be highly effective for the separation of long-
chain PFAS, achieving >90% separation for >C7 PFCA and >C6 PFSA in
landfill leachate and leachate-impacted groundwater when using air alone.
The addition of co-foaming surfactants significantly improved the removal
of Xshort-chain PFAS from 14% up to 67%, although PFBA, PFPeA, and
likely present ultra-short-chain PFAS remain problematic. These findings
highlight both the strengths and limitations of FF and demonstrate the
importance of PFAS composition in determining treatment performance.

The use of EO enabled the degradation of PFAS through stepwise
shortening of the perfluoroalkyl chain, with results supporting pseudo-first-
order degradation kinetics. The observed high fluorine mass balance
recovery supports mineralization of PFAS. However, incomplete
degradation and the formation of short-chain PFAS during treatment
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emphasize the need for sufficient charge input and process optimization,
particularly strategies to avoid electrode fouling, to avoid accumulation of
persistent transformation products, including short-chain PFAS.

It was shown that CW could act as PFAS sinks, primarily through
sorption to the filter substrate, but phytoextraction was also observed,
resulting in a reduction in total PFAS mass discharge. However, no
significant decrease in short-chain PFAS concentrations of the treated water
was observed, indicating that such systems have limited suitability as
polishing steps following FF treatment. Plant accumulation of PFAS
exhibited a clear chain-length-dependent partitioning, with long-chain PFAS
accumulating in roots and short-chain PFAS in leaves. The observed
remobilization of PFAS during leaf senescence further complicates the use
of phytoextraction strategies.

From a treatment systems perspective, the results of this thesis
demonstrate that no single technology is sufficient to address the full
spectrum of PFAS contamination. Instead, effective remediation requires
integrated treatment trains that combine complementary processes. FF
efficiently separates and concentrates long-chain PFAS, EO enables
destruction of concentrated PFAS streams, and wetlands can contribute to
PFAS mass reduction and water volume control. However, the persistence
and high mobility of short-chain PFAS across all studied systems, even
though mitigated by the use of co-foaming surfactant additives and shown to
be possible to separate through phytoextraction, highlight a critical treatment
gap that could necessitate the inclusion of additional steps, such as AIX or
membrane filtration, in order to achieve comprehensive treatment.

Overall, the findings of this thesis highlight that PFAS behavior across
environmental and engineered systems is fundamentally governed by
partitioning processes between phases, including soil-water, air-water, and
plant-water interfaces. These partitioning mechanisms control both
contaminant mobility in aquifer systems and the performance of treatment
technologies. By linking PFAS physicochemical properties to both
environmental transport and treatment efficiency, this work provides a useful
framework for understanding and designing PFAS remediation strategies.
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7. Outlook and future research needs

Future work should focus on improving both the understanding of PFAS
behavior and the performance and robustness of treatment systems across
scales.

For the characterization of PFAS partitioning, SPEM should be further
evaluated across a wider range of soil types, including organic-rich soils,
clays, and heterogeneous field materials. This would support the
establishment of broader applicability of the method and determining its
suitability for different contaminated environments, as well as further
validating its potential advantages over traditional batch leaching tests.

Future FF studies should, where possible, include an analysis of air filters
to quantify PFAS losses through aerosol formation, thereby improving mass
balance closure and assessing potential risks for human and environmental
exposure. The use of co-foaming surfactants should be further optimized,
including the identification of effective, non-toxic alternatives and
determining optimal dosing strategies under varying water chemistries.

Treatment trains combining FF with technologies capable of removing
short-chain PFAS, such as AIX or membrane filtration, should be further
investigated under realistic operating conditions. In particular, the
integration of FF with AIX appears promising, as FF reduces the mass load
and removes long-chain PFAS competition for sorption sites (Ellis et al.,
2022). If regenerable AIX resins are employed, the EO system could
additionally be applied to treat the regenerant solution, enabling process
integration.

The EO processes require further optimization to improve treatment
efficiency and operational stability. This includes addressing operational
challenges such as electrode fouling and calcium carbonate precipitation, as
well as evaluating alternative electrode materials to reduce costs. Future
studies should also include the analysis of ultra-short-chain PFAS and apply
suspect and non-target screening approaches to identify potential hazardous
transformation products formed during EO treatment. These approaches
could be further strengthened by also employing bio-based toxicity assays or
effect-directed analysis on the EO effluent to ensure that toxic intermediates
are not overlooked. The use of total organic fluorine measurements to
complement fluoride measurements in evaluating mineralization should also
be used.
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Future research on CW should aim to optimize PFAS retention by
investigating alternative plant species, including those with high biomass
production and wetland tolerance. Different filter substrates should also be
evaluated. Additionally, the influence of microbial communities on PFAS
transformation and plant uptake should be investigated, as microbially
mediated processes may play an important role in both PFAS precursor
transformation and the bioavailability of PFAS in wetland systems. Long-
term, multi-season studies are needed to better understand system stability,
plant dynamics, and PFAS remobilization processes, such as leaf senescence
or the leaching of PFAS from the filter substrate. Crucially, safe and cost-
efficient handling of contaminated biomass and spent filter substrate needs
to be further explored.

Future research should, additionally, move beyond pure technical
performance. Life cycle assessment (LCA) should be applied to compare the
environmental impacts of different treatment technologies and treatment
trains, including energy use, emissions, and resource consumption. In
parallel, life cycle costing (LCC) analyses are needed to evaluate the
economic feasibility of different remediation strategies under realistic field
conditions. Such assessments are critical for guiding decision-making and
ensuring that proposed solutions are not only effective but also sustainable
and economically viable.

Overall, advancing PFAS remediation will require an integrated approach
combining improved process understanding, technological optimization, and
system-level evaluation. Emphasis should be placed on addressing the
persistence and high mobility of short- and ultra-short-chain PFAS, as well
as ensuring that treatment processes do not lead to the formation or release
of equally problematic transformation products.
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Popular science summary

Per- and polyfluoroalkyl substances (PFAS) are a large group of man-made
chemicals that have been widely used in industry and everyday products
since the mid-20th century. They are often described as “forever chemicals”
because they do not break down in the environment. Combined with their
ability to move easily in water, this makes PFAS a global environmental
problem.

PFAS are built around chains of carbon atoms that are fully or partly
surrounded by fluorine atoms. This carbon—fluorine bond is very strong,
making the molecules highly stable. A PFAS molecule typically consists of
a “head” and a “tail”. The head likes to be in water, while the tail does not
want to be in water or in oils. This unique structure gives PFAS their useful
properties, such as making materials water- and stain-resistant, as the tail
pushes away both water and fat in, for example, non-stick pans and make-
up.

PFAS vary in size depending on how long the carbon chain is. “Long-
chain” PFAS have more carbon atoms in their chains and tend to stick better
to solid surfaces as well as accumulate in living organisms. “Short-chain”
PFAS have fewer carbon atoms in their chains, making them more mobile in
water and harder to remove from the environment. This difference in
structure is central to understanding how PFAS behave and how they can be
removed from the environment.

PFAS have been linked to a range of negative health effects, and studies
have shown that long-term exposure can be associated with many health
effects, such as increased cholesterol levels, effects on the immune system,
thyroid disruption, and certain cancers. Because PFAS can accumulate in the
human body over time, even low concentrations in, for example, drinking
water may be of concern. As a result, many countries are introducing strict
regulations to limit PFAS exposure.

One important way for PFAS to be transported in the environment is
through groundwater. At sites that have been contaminated by PFAS, such
as landfills, PFAS can leach into the groundwater underneath the site and
spread over large distances in the groundwater system. Since groundwater is
a major source of drinking water in many regions, this poses a large challenge
of public health.
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This thesis first investigates how PFAS behave in groundwater systems.
Next, a combination of different treatment technologies (a treatment train)
for removing PFAS from contaminated water was evaluated. The work
focused on a landfill site in Sweden where PFAS have been found in the
groundwater. The treatment train was made by combining foam
fractionation, electrochemical oxidation, and a constructed wetland.

To better understand how PFAS move in groundwater, it was first
examined how strongly PFAS molecules get stuck to soil. This is described
by a parameter called the solid-liquid partitioning coefficient (Kq). A new
method that provided reliable estimates of the K4 was used. The Kqwas very
low for most PFAS, confirming that PFAS are highly mobile in groundwater
as they will not easily get stuck to the soil.

The treatment part of the thesis focused on removing PFAS from
contaminated groundwater. Foam fractionation was used as the first step in
the 3-step treatment train. This method used air bubbles to separate PFAS.
The PFAS head wants to be in the water and the tail wants to be in air PFAS
thus tend to get stuck on the surface between water and air, which makes
them stick to the air bubbles. This creates a foam just like bubbling air
through dishwasher detergent would. The PFAS foam can then be separated
from the water. This method was very effective at removing long-chain
PFAS, but short-chain PFAS were much harder to remove. Adding other
chemicals that also make foam, so-called co-foaming surfactants, did,
however, help to make more and stronger foam. This helped to remove more
of the short-chain PFAS, but all of them were still not removed.

In the second step of the treatment train, the PFAS-foam was further
treated using electrochemical oxidation. In this process, an electric current
was used to break down PFAS molecules. The results showed that PFAS
could be degraded step by step into shorter and shorter PFAS until eventually
only free fluorine atoms and carbon dioxide remained of the molecule.

As the final step of the treatment train, a constructed wetland was built,
through which the water treated by foam fractionation was passed with the
goal of removing the last PFAS that had not yet been removed. The
constructed wetland used plants and a soil-like material in which the plants
were planted to separate PFAS from water. PFAS separation did occur both
by PFAS getting stuck to the soil-like-material, and by the plants taking up
PFAS. Short-chain PFAS were more easily taken up by the plants, while
long-chain PFAS tended to remain in the plant roots or stick to the soil-like
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material. However, the wetlands were not effective at reducing the
concentrations of short-chain PFAS in the water. In addition, most of the
PFAS taken up by the plants ended up in the plant leaves, and could therefore
be released again when the leaves fall in the autumn.

Overall, the results showed that the first two steps of the treatment train
(foam fractionation and electrochemical oxidation) were able to first separate
and then destroy long-chain PFAS. However, short-chain PFAS remained a
challenge and were not effectively removed by the constructed wetland.

This work highlights the importance of understanding how PFAS interact
with soil, water, and treatment systems. By linking their chemical structure
to both environmental behavior and treatment performance, the thesis
contributes to the development of more effective and sustainable strategies
for managing PFAS contamination in groundwater.
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Popularvetenskaplig sammanfattning

Per- och polyfluorerade alkylsubstanser (PFAS) &r en stor grupp
mainniskoskapade kemikalier som har anvénts flitigt i industri och
vardagsprodukter sedan mitten av 1900-talet. De kallas ofta for
”evighetskemikalier” eftersom de inte bryts ner i naturen. Denna egenskap,
i kombination med deras formaga att latt spridas i vatten, gor PFAS till ett
globalt miljoproblem.

PFAS bestar av kedjor av kolatomer som helt eller delvis omges av
fluoratomer. Bindningen mellan kol och fluor ar véldigt stark, vilket gor
molekylerna mycket stabila. En PFAS-molekyl har vanligtvis ett “huvud”
och en “svans”. Huvudet trivs i vatten, medan svansen inte vill vara i vare
sig vatten eller olja. Denna speciella uppbyggnad ger PFAS deras
anvandbara egenskaper, till exempel att gbéra material vatten- och
smutsavvisande eftersom svansen stoter bort bade vatten och fett. Nagot som
ar anvéndbart till exempel i stekpannor med non-stick-beldggning eller i
smink.

PFAS varierar i storlek beroende pa hur lang kolkedjan ar. “Langkedjade”
PFAS har fler kolatomer i kedjan och tenderar att binda starkare till fasta ytor
och ansamlas i levande organismer. “Kortkedjade” PFAS har féarre kolatomer
i sin kedja, vilket gér dem mer rorliga i vatten och svéarare att rena bort fran
miljon. Denna skillnad &r viktig {for att forsta hur PFAS beter sig i naturen
och hur de kan renas bort.

PFAS har kopplats till flera negativa hilsoeffekter. Studier visar att
langvarig exponering kan hdnga samman med till exempel forhdjda
kolesterolnivaer, paverkan pa immunforsvaret, storningar i skoldkorteln och
vissa cancerformer. Eftersom PFAS kan lagras i kroppen 6ver tid kan dven
laga halter, till exempel i dricksvatten, vara problematiska. Dérfor infor
manga lander allt strangare regler for att begransa exponeringen.

En viktig spridningsvdg for PFAS i miljon ar via grundvatten. Pa
fororenade platser, som deponier, kan PFAS ldcka ner i marken och spridas
langa strackor med grundvattnet. Eftersom grundvatten ar en viktig kélla till
dricksvatten i manga omraden utgor detta en stor utmaning for folkhélsan.

Denna avhandling undersdker forst hur PFAS beter sig i
grundvattensystem. Dérefter utvidrderas en serie av olika sammankopplade
reningstekniker for att rena bort PFAS fran fOrorenat vatten. Arbetet
fokuserade pa en deponi i Sverige ddr PFAS hade pétriffats 1 grundvattnet.
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Serien av reningssteg bestod av skumfraktionering, elektrokemisk oxidation
och en anlagd vatmark.

For att battre forsta hur PFAS r6r sig i grundvatten studerades forst hur
starkt PFAS fastnar i jord. Detta beskrivs med en parameter som kallas
fordelningskoefficient (Kq). I detta arbete anviandes en ny metod som gav
tillforlitliga uppskattningar av K4 och visade att det var vildigt lagt for de
flesta PFAS som undersoktes, vilket bekraftar att PFAS ar mycket rorliga i
grundvatten eftersom de inte fastnar sa létt i jorden.

Den del av avhandlingen som handlar om rening fokuserade pa att rena
bort PFAS frén fororenat grundvatten. Skumfraktionering anvandes som det
forsta steget i serien av reningssteg. Metoden bygger pa att tillsdtta
luftbubblor till vattnet. Molekylens huvud vill vara i vatten medan svansen
gérna ar 1 luft, vilket gor att PFAS samlas vid bubblornas yta. Pa sa sétt bildas
ett skum, ungefar som om man skulle bubbla luft genom diskmedel. Detta
PFAS-rika skum kan sedan avldgsnas fran vattnet. Metoden var mycket
effektiv for att rena bort ldngkedjade PFAS, men kortkedjade PFAS var
svarare att avskilja. Genom att tillsdtta andra skumbildande &mnen kunde
dock mer och stabilare skum skapas, vilket forbéttrade avskiljningen av
kortkedjade PFAS, dven om alla PFAS fortfarande inte kunde avskiljas.

I nista steg behandlades skummet vidare med elektrokemisk oxidation.
Har anvéndes elektrisk strom for att bryta ner PFAS-molekylerna. Resultaten
visade att PFAS kunde brytas ner stegvis till kortare och kortare kedjor, tills
endast fria fluoratomer och koldioxid aterstod.

Som sista steg i behandlingskedjan byggdes en anlagd vétmark, genom
vilken det behandlade vattnet fick passera med maélet att ta bort de sista
resterna av PFAS. Vatmarken anvinde vixter och ett jordliknande material
for att fanga upp PFAS. Separationen skedde bade genom att PFAS fastnade
i materialet och genom att vixterna tog upp dem genom sina rotter.
Kortkedjade PFAS togs littare upp av véxterna, medan langkedjade PFAS
oftare stannade i rotterna eller fastnade i materialet. Vatmarken var dock inte
effektiv for att minska halterna av kortkedjade PFAS i vattnet. Dessutom
hamnade mycket av det PFAS som togs upp av véxterna i bladen, vilket
innebdr att de kan aterforas till miljon nér bladen faller p& hosten.

Sammanfattningsvis visar resultaten att de tvd forsta stegen i
behandlingskedjan (skumfraktionering och elektrokemisk oxidation)
effektivt kunde separera och bryta ner langkedjade PFAS. Kortkedjade
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PFAS var daremot fortfarande en utmaning och avliagsnades inte effektivt av
den anlagda véatmarken.

Arbetet visar hur viktigt det ar att forsta hur PFAS samverkar med jord,
vatten och olika reningsmetoder. Genom att koppla deras kemiska struktur
till deras beteende i miljon och hur de kan renas bort bidrar avhandlingen till
att utveckla effektivare och mer hallbara strategier for att hantera PFAS-
fororeningar i grundvatten.
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ARTICLE INFO ABSTRACT

Keywords: Groundwater contamination by per- and polyfluoroalkyl substances (PFAS) is an emerging threat to drinking

PFAS water quality, highlighting the need for effective treatment solutions. This study investigated subsurface flow

Phytoremediation constructed wetlands for treating groundwater contaminated with PFAS. The wetlands used a peat, biochar, and
gi’:z:;:;:i:"eﬂa“d lightweight expanded clay aggregate (LECA) filter substrate, planted with either tufted sedge (Carex elata), fiber
Landfill leachate hemp (Cannabis sativa Futura 75), or an intercropping of the two Salix clones S. Wilhelm and S. Loden. The
Biochar experiment was conducted under field conditions in Sweden, during one growing season, using PFAS-

contaminated groundwater impacted by landfill leachate. The study showed accumulation of PFAS in all plant
species and the peat and biochar part of the filter substrate, with short-chain PFAS and perfluoroalkyl carbox-
ylates (PFCAs) dominating when considering the whole plants (57 % and 77 % of ZPFAS, respectively) and long-
chain PFAS and perfluoroalkyl sulfonates (PFSAs) dominating in the peat and biochar filter substrate (77 % and
54 % of PFAS, respectively). Sorption to the filter substrate was shown to be the primary mechanism for PFAS
removal. The highest plant PFAS concentrations were found in leaves, followed by roots, for all species. There
was a difference in the PFAS composition profile when comparing different plant tissues, with PFCAs dominating
in leaves (84 % of XPFAS) and PFSAs dominating in roots (66 % of XPFAS). All plant species were determined to
have an above-ground tissue/water phase concentrations >10/1 for C3-PFCA (PFBA). This was also observed for
C. sativa with C4- and C;-PFCAs (PFPeA, PFOA), and Cy4- and Cs-PFSAs (PFBS, PFPeS), for C. elata with Cg-PFSA
(L-PFOS), and for S. Loden with PFPeA. Y PFAS phytoextraction potential from landfill leachate-impacted
groundwater (mg/ha yr) was estimated to be 940 + 670 for C. sativa, 390 + 310 for S. Loden, 330 + 160 for
S. Wilhelm, and 160 + 56 for C. elata.

in air, soil, water, wildlife, and humans (Brusseau, 2024; Rauert et al.,
2018; Fenton et al., 2021; Kwok et al., 2015; Kelly et al., 2009). Thus,

1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are an anthropogenic
class of fluorinated organic compounds that contain at least one per-
fluorinated carbon atom (OECD, 2021). Various PFAS have been, and
are, produced for many applications, such as aqueous film-forming
firefighting foams (AFFF), industrial lubricants, and nonstick coatings
(Gaines, 2022). PFAS have also been linked to several adverse health
effects, such as cancer (Barry et al., 2013), reduced immune response to
vaccines (Stein et al., 2016), and increased cholesterol levels (Nelson
et al., 2010). Due to their mobile and persistent nature (Brunn et al.,
2023), PFAS are transported and retained in the environment, and found

* This paper has been recommended for acceptance by Dr Hefa Cheng.
* Corresponding author.
E-mail address: oscar.liljestrom@slu.se (O. Liljestr6m).
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posing a potential hazard to human health and the environment
(Sunderland et al., 2019; Beale et al., 2022). One transport pathway of
concern is the infiltration of PFAS from landfill leachate into ground-
water systems (Hepburn et al., 2019), causing risks to water quality,
including drinking water (Sorengérd et al., 2022). It is therefore critical
that remediation methods for PFAS-contaminated groundwater and its
contamination sources are developed.

The treatment options available for PFAS-contaminated ground-
water can broadly be divided into in situ and ex situ approaches, where in
situ approaches aim to separate, degrade, or immobilize PFAS in the
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aquifer, such as in situ sonication (Laramay and Crimi, 2020), or the
introduction of immobilizing additives (Hale et al., 2017). In contrast, ex
situ approaches aim to remove the water from the aquifer to be treated
on-site or at a centralized treatment facility, so-called pump and treat
(Birnstingl and Wilson, 2024). A possible method for both in situ and ex
situ approaches is phytoremediation (Ferrario et al., 2022; Nassazzi
et al., 2023). Phytoremediation has been used as a method for reme-
diating areas from metals and various organic contaminants (Ali et al.,
2013; Gan et al., 2009). The process can broadly be divided into phy-
toextraction, phytostabilization, and phytodegradation (Salt et al.,
1998). Earlier research into plant uptake of PFAS focused on its accu-
mulation in crops and mainly had a food safety perspective (Stahl et al.,
2009; Wen et al., 2013; Krippner et al., 2014). These studies did, how-
ever, also show the phytoextraction potential for PFAS (Lesmeister et al.,
2021). Recently, investigations have also started to be carried out con-
cerning both phytoextraction and phytodegradation of PFAS (Ferrario
et al., 2022; Greger, 2021). Plants used in these phytoremediation trials
include willows (Salix spp) and fiber hemp (Cannabis sativa) (Nassazzi
et al., 2023; Nason et al., 2024; Huff et al., 2020; Sharma et al., 2020).
These plants are currently used for biomass production on an industrial
scale (Zegada-Lizarazu et al., 2010), making them interesting also from a
phytoremediation perspective, as they produce a lot of biomass in a
short time and have logistics for management in place. The wetland
genus of true sedge (Carex) is not commercially grown, except for gar-
den decoration purposes (Walter et al., 2002). It has, however, still
attracted interest from PFAS researchers with the potential to be used in
e.g. constructed wetlands (Greger, 2021; Zhang et al., 2021a). Previous
studies have shown PFAS uptake in floating wetlands where plants were
placed on rafts in ponds, enabling them to sorb PFAS through their roots
(Awad et al., 2022), or more traditional open surface constructed wet-
lands where PFAS is both taken up in plants planted along edges and
bottom of the wetland as well as providing good hydrological conditions
for the co-sedimentation of PFAS (Yin et al., 2017). There are also
subsurface flow constructed wetlands where, instead of an open pond,
water is passed through a filter substrate with plants on top, allowing
their roots to perforate the subsurface flow (Ferrario et al., 2022; Xiao
et al., 2023). Various wetland plants can be used for this application,
with sweet flag (Acorus calamus) being a common choice (Ferrario et al.,
2022; Xiao et al., 2023; Kang et al., 2023; Ma et al., 2023). The filter
substrate often consists of gravel or sand, allowing for biofilm formation
(Xiao et al., 2023; Lott et al., 2023). An interesting addition to a sub-
surface flow constructed wetland would be to use a carbon-rich filter
substrate, since granular activated carbon (GAC) and biochar have
proven effective at sorbing, especially long-chain PFAS (Askeland et al.,
2020; Philip et al., 2017). Phytoextraction has contrastingly been found
to work better for short-chain PFAS (Nassazzi et al., 2023). In studies
investigating constructed wetlands for nutrient removal, incorporating
biochar into the filter substrate at a proportion of 10-20 % v/v has also
been shown to increase plant growth (Kasak et al., 2018; Li et al.,
2019a). A combination of a carbon-rich filter substrate and growing
wetland plants could be an efficient approach to deal with both long-
and short-chain PFAS. Using this kind of wetland system to treat
PFAS-contaminated groundwater impacted by nearby landfill facilities
is an area currently lacking research.

This study thus aimed to evaluate the onsite treatment of PFAS-
contaminated groundwater, impacted by landfill leachate, using sub-
surface constructed wetlands on a pilot scale at a waste management
facility in Sweden. The filter substrate consisted of a novel combination
of biochar and peat for PFAS sorption with a lightweight expanded clay
aggregate (LECA) to ensure hydraulic permeability. The tested plants
included willow (Salix spp clones Wilhelm and Loden), fiber hemp
(C. sativa Futura 75), and tufted sedge (Carex elata), none of which, to
the best of our knowledge, have been previously used for PFAS treat-
ment in a subsurface constructed wetland.

Environmental Pollution 386 (2025) 127199
2. Materials and methods
2.1. Standards and chemicals

In total, 29 PFAS were analyzed including C3-C;3 perfluoroalkyl
carboxylates (PFCAs) (i.e. PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFNA,
PFDA, PFUnDA, PFDoDA, PFTrDA, PFTeDA), C4-Cjo perfluoroalkyl
sulfonates (PFSAs) (i.e. PFBS, PFPeS, PFHxS, PFHpS, PFOS, PFNS,
PFDS), 4:2, 6:2, 8:2 fluorotelomer sulfonate (4:2 FTSA, 6:2 FTSA, 8:2
FTSA), perfluorooctanesulfonamide (FOSA), methylper-
fluorooctanesulfonamidoacetic acid (MeFOSAA), ethyl-
perfluorooctanesulfonamidoacetic acid (Et-FOSAA), tetrafluoro-2-
(heptafluoropropoxy)propanoic acid (HFPO-DA), dodecafluoro-3H-
4,8-dioxanonanoic acid (NaDONA), 9-chlorohexadecafluoro-3-oxano-
nane-1- sulfonic acid (6:2 CI-PFESA), 11-chloroeicosafluoro-3-oxaunde-
cane-1-  sulfonate acid (82 CI-PFESA) and perfluoro-4-
ethylcyclohexanesulfonate (PFECHS). Standards for PFHxS and PFOS
were quantified for both linear and branched isomers (L-PFHxS, B-
PFHxS, L-PFOS, B-PFOS), (Table S1 in Supporting Information (SI)). In
addition, 19 isotopically labeled PFAS standards (IS) were included
(13C4-PFBA, 3Cs-PFPeA, 13Cs-PFHxA, '3C4-PFHpA, '3Cg-PFOA, '3Co-
PFNA, '3C¢-PFDA, '3C,-PFUnDA, '°C,-PFDoDA, !3Cy-PFTeDA, '°Cs-
PFBS, 13Cg-PFOS, °Cg-FOSA, d3-MeFOSAA, ds-EtFOSAA, '3C,-4:2
FTSA, 13C2-6:2 FTSA, 13C,-8:2 FTSA and 'C3-HFPO-DA) (Wellington
Laboratories).

Acetic acid, ammonium acetate, and ammonium hydroxide of mass
spectrometry quality and methanol of hypergrade for LC-MS quality
were sourced from Sigma-Aldrich. Ultrapure water from MilliQ® IQ
7000 with an additional LC-Pack® polisher filter - a reverse-phase C18
granular silica-based cartridge was used.

2.2. Plants

Carex elata (tufted sedge) was supplied as herbal plug plants by
VegTech, Sweden. These were supplied as developed tufts with a 9 cm
deep, 4 cm diameter root system.

Salix Wilhelm and Salix Loden (willows) were supplied as cuttings by
REAB, Billeberga, Sweden, and cut to 40 cm.

Cannabis sativa futura 75 (hemp) was grown from seeds in pots in
Hasselfors Garden S-Soil in a greenhouse with artificial lighting for 64
days, achieving an approximate height of 100 cm before planting in the
wetland.

2.3. Experimental design

The field experiments were conducted at a waste management fa-
cility in Sweden from June 14, 2022 to September 9, 2022 (87 d). In
total eight wetland units each with a volume of 0.48 m® were used
(Fig. 1), including two units each planted with i) C. elata with 19 tufts
each, ii) C. sativa from 18 pots (i.e. 49 and 54 stalks, respectively), iii)
Salix spp with 18 S. Wilhelm and 18 S. Loden cuttings and 19 S. Wilhelm
and 16 S. Loden, respectively and iv) control wetland units which were
filled with the filter substrate but no plants. Water was collected from a
drilled groundwater well at the facility with known PFAS contamination
and pumped to a 1000 L high-density polyethylene (HDPE) buffer tank,
which was level-controlled to always be filled to 700 L. The buffer tank
was then used as a joint input water source to each of the 8 separate
subsurface flow constructed wetland units. Each unit had a volume of
0.48 m® (120 cm (length), 100 cm (width), 40 cm (height) and had an
outer casing of HDPE covering the sides and bottom, but leaving it open
upwards. The casing was filled with two permeable sections, one at each
end of the wetland unit, consisting of expanded lightweight clay ag-
gregates (LECA) (0.057 m%; 14.3 kg dw). The LECA was 12-18 mm in
diameter (Saint-Gobain). In between these sections was a 0.27 m? (62.6
kg dw) well-mixed mixture of peat, biochar, and LECA (0.1:0.1:0.8, v/
v). No additional structural elements were included to separate the
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Fig. 1. Schematic of the field setup including contaminated groundwater well, buffer tank, wetland unit with substrate (peat, LECA, biochar) and i) C. elata (n = 2),
ii) C. sativa (n = 2), iii) Salix Wilhelm and Loden mixture (n = 2), and iv) control (n = 2), recirculation tank and drainage to a conventional treatment plant.

permeable end sections from the central section. The substrate height in
the wetland system was set at 30 cm, leaving a 10 cm HDPE headspace to
allow for substrate expansion during water application. The peat was
long fibered H7 from Smaland, Sweden (Timfors traktor och maskin),
the biochar consisted of crop production residues, pyrolyzed at 800 °C
with a specific surface area (BET) of 223 m?/g, pressed into pellets with
5 mm diameter and 5-10 mm length (Skénefro, Sweden). Water was
continuously pumped from the buffer tank to the eight separate wetland
units using Microdos MP2-B peristaltic pumps with a load of 50 L/d for
the first 21 days, then increased to 100 L/d for the remaining 66 days of
the trial. Water levels in the wetlands were set to 25 cm from the bottom
for the C. elata units and 20 cm in all other cases. The pore volume of the
filter substrate was estimated to be 50 %, resulting in a water volume of
150 L in the saturated zone of the C. elata and 120 L for the other units.
Based on this, the hydraulic retention time in the wetland systems was
estimated as follows: 72 h for C. elata with a 50 L/d load, 57.6 h for the
other units with a 50 L/d load, 36 h for C. elata with a 100 L/d load, and
28.8 h for the other units with a 100 L/d load. Each wetland unit was
connected to a 300 L recirculation tank to which water was transferred
via an overflow mechanism. Water was continuously pumped back from
the recirculation tank to its connected wetland unit at an average rate of
1090 L/d (see Table S2 in SI for the individual recirculation rates).
Excess water from the recirculation tanks was discarded to a drainage
system via an overflow mechanism. Water samples for PFAS were
collected monthly from the overflow from the wetland units (total n =
26) and the buffer tank (total n = 3) in HDPE flasks. After 87 days, plants
were harvested with roots, including 3 full plants of each C. elata, S.
Loden, and S. Wilhelm from both of their respective wetland units. These
samples were collected diagonally across the unit to ensure spatial
representation. All C. sativa were sampled from both of its wetland units
(total n = 36). Composite substrate samples were collected at the end of
the experiment using a Russian peat corer from the peat and biochar
mixture and LECA section of the wetland in a diagonal fashion and
pooled for each wetland unit (total n = 8).

2.4. Sample preparation and analysis

LECA was removed from the substrate mixture, rinsed with ultrapure
MilliQ water, and analyzed separately from the peat and biochar
mixture. C. elata plants were divided into leaf and root. C. sativa was
divided into leaf, stem, and root. S. Loden and S. Wilhelm were divided
into leaf, twig, stem, and root, where twigs were defined as the new
shoots and stems as the planted cutting.

Sample preparation of peat and biochar mixture, LECA, and plant
tissue was based on the method developed and validated by Nassazzi
(Nassazzi et al., 2022). In the field, plant roots were rinsed with tap
water to separate them from the substrate. Any remaining substrate was
manually removed from the roots. All plant samples were washed with
deionized water, followed by ultrapure MilliQ water, and then rinsed
with 1:1 methanol and ultrapure MilliQ water. Plant, peat, and biochar
mixture, and LECA samples were freeze-dried at —50 °C for 7 days and
then homogenized using an IKA MultiDrive control with MultiDrive MI
250 T vessel. 0.5 g homogenized sample was spiked with 50 pL of an IS
mixture (¢ = 0.05 pg/mL for individual IS) and extracted 3 times with
methanol: 1) 6 mL for 30 min, 2) 3 mL for 20 min, 3) 3 mL for 20 min in
15 mL polypropylene tubes using sonication. Each extract was trans-
ferred into a new 15 mL polypropylene tube with centrifugation at
1900g in between. Subsequently, the extract was cleaned up using ENVI
carb cartridges (1 g, 12 cc, Supelco). Extracts were concentrated under
N to approximately 100 pL and then diluted to 500 pL with methanol.

Water samples were prepared with a method previously described
(Smith et al., 2022). Briefly, 100 mL sample was filtered using a glass
microfiber filter (0.7 pm, Whatman), followed by spiking with 100 pL of
an IS mixture (¢ = 0.05 pg/mL for individual IS) and solid phase
extraction (SPE) using Oasis WAX cartridges (6 mL, 150 mg, 30 pm,
Waters) eluted with 4 mL methanol followed by 4 mL 0.1 % ammonium
hydroxide in methanol. Extracts were concentrated to 1 mL under
nitrogen.

All samples were analyzed on an ultraperformance liquid chroma-
tography system coupled to tandem mass spectrometry (Sciex Triple
Quad 3500 UPLC-MS/MS, Phenomenex Gemini® 3 pm C18 110 A
analytical column) as previously described (Smith et al, 2022).
Branched isomers of PFHpA, PFOA, PFHpS, and PFNA were quantified
using their linear counterparts and should be considered
semi-quantitative.

2.5. Quality control and assurance

Laboratory blanks were prepared for filter substrate (n = 4), plant (n
= 9), and water samples (n = 9). As a field blank (n = 1), an HDPE
sampling flask was opened during sampling and then filled with ultra-
pure MilliQ water that was extracted according to the protocol. As a
filter blank (n = 4), 100 mL ultrapure MilliQ water was filtered and
extracted according to protocol. As SPE blank (n = 4), a clean SPE car-
tridge was eluted, and the eluate was analyzed according to protocol.
Method detection limits (MDL) were calculated as mean + 3 times the
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standard deviation (SD) of the blank samples. If a PFAS was not detected
in the blanks, MDL was calculated as the mean + 3 times the SD of the
lowest used calibration point. For some branched isomers (B-PFOA, B-
PFHpS, B-PFNA, B-PFHpA) that did not have calibration standards, S/N
= 3 for one sample of each of the matrix types was used. If the MDL was
below 0.01 ng/mL, then 0.01 ng/mL, which was the lowest calibration
point, was used. Three duplicate and one triplicate water sample were
analyzed to assess method variability (in total, n = 9). A triplicate of
plants was analyzed for one wetland unit each for C. elata, S. Loden, and
S. Wilhelm to assess variability. A triplicate of each plant tissue was
analyzed for C. sativa. One triplicate per plant tissue was also analyzed
on a single homogenized sample to assess method variability (for details,
see Tables S3-5in SI). A subset of plants from each plant species was
analyzed in triplicate prior to planting in the wetland system
(Tables S6.1-6.5 in SI). Samples of the peat and biochar mixture, as well
as LECA, were analyzed before applying the filter substrate to the
wetland units (Table S7 in SI).

2.6. Calculations and statistics

PFAS treatment efficiencies were calculated as the percentage
removal of PFAS between the inlet and outlet water of each wetland
unit, taken at the same time point.

Mass balances for each wetland unit were calculated, taking into
account PFAS concentrations in plant biomass, filter substrate, inlet, and
effluent water. Water losses through evapotranspiration have previously
been estimated to 3.1 mm/d in June, 3.9 mm/d in July, 2.6 mm/d in
August and 2.0 mm/d in September for a Salix stand in Uppsala, Sweden
(Persson and Lindroth, 1994). These losses were considered negligible in
relation to the flow rate of the experiment, and consequently, the
effluent volume was considered equal to the inlet volume (Equation S(1)
and Tables S8-11 in SI).

Total plant concentrations were calculated as the sum of the average
concentration of each tissue type multiplied by the average dry weight of
that tissue type, divided by the average dry weight of a whole plant.
Bioconcentration factor (BCF) was calculated as PFAS concentration in
plant tissue/average PFAS concentration in the inlet water (Nassazzi
et al., 2023; Soda et al., 2012).

Phytoremediation potential was calculated as total plant PFAS con-
centration, excluding roots, multiplied by a biomass yield value derived
from the literature (Zegada-Lizarazu et al., 2010; Banaszuk et al., 2020).
The biomass yield value for a generic Salix spp used in European biomass
production (Zegada-Lizarazu et al., 2010) was used as a basis for both
Salix clones. There was a clear difference in biomass production
observed between the two clones in the experiment. The literature value
was thus adjusted up or down, based on the proportional difference in
biomass production between the two clones, to estimate individual
biomass yield values for the two clones. (For details, see equations S
(2.1)-(2.4) in the SI).

The Kruskal-Wallis test with Dunn’s post-hoc test was used to assess
if there were any significant differences between plant tissues, roots,
stems, twigs, and leaves, where applicable, regarding PFAS concentra-
tion and composition. A two-way ANOVA was performed to assess
whether the distribution of PFAS with regard to concentration and
composition between the plant tissue types varied significantly between
the species. This analysis aimed to determine whether the species could
be grouped when comparing tissue types. Subsequently, all plant species
were treated as a single group to enhance statistical power when eval-
uating ZPFAS concentration, functional group distribution, and the
proportion of branched compounds across tissue types.

Linear regression models were made for each species and their tissue
types, with the BCF of each PFAS detected in the water phase as the
response variable, the perfluoroalkyl chain length as a numerical inde-
pendent variable, and functional group and isomeric configuration as
categorical independent variables. All statistical analyses were carried
out in R version 4.4.1.
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3. Results and discussion
3.1. PFAS concentration and composition of influent and effluent water

In total, 15 out of 29 PFAS (i.e. C4-Cg PFCAs, C4-Cg PFSAs, 4:2 FTSA,
6:2 FTSA, PFECHS, and Et-FOSAA) were detected in the inlet water.
With "PFAS concentrations of (average + standard error) 3870 + 95
ng/L (n = 3) (Fig. S1, and Tables S12.1-12.5 in SI). Both linear and
branched isomers were detected for PFHpA, PFHxA, PFOA, PFHpS,
PFNA, and PFOS. The same PFAS detected in the inlet could also be
observed in the wetland unit outlets, with the addition of NaDONA being
found above MDL in 1 sample (Control B July) and PFDA being found in
two samples (Control B July and C. Sativa A July). For PFDA, this is likely
due to the concentrations being close to MDL in all samples, while for
NaDONA it could indicate a previous contamination in the wetland unit
being washed out, or a contamination of the sample, as this peak could
not be detected in any other sample throughout the experiment.
NaDONA was not found in the control filter substrate analyzed prior to
the experiment. However, potential contamination cannot be ruled out,
as it may have originated from sources such as the HDPE casing or
tubing of the wetland units.

The ) _PFAS removal efficiency (Table S13 in SI) was similar between
all treatment units, including the control (15 + 2.5 % C. elata, 14 + 2.5
% Salix spp, 13 £ 2.5 % C. Sativa, 15 + 2.6 % control) (n = 6 each). This
resulted in ZPFAS effluent concentration of 3340 + 84.3 ng/L for
C. sativa, 3310 =+ 89.3 ng/L for Salix spp, 3290 + 103 for C. elata, and
3280 + 95.1 ng/L for the control. (Tables 512.1-12.5 in SI). The mass
balance accounted for, on average, 87 + 0.69 % of the X influent PFAS.
(Tables S8-11 in SI). The recovery did, however, vary across PFAS
groups: short-chain PFAS and PFCAs were better accounted for (96 +
1.3 % and 91 + 0.46 % respectively) compared to long-chain PFAS,
PFSAs, and precursors (82 + 1.4 %, 80 + 1.4 % and 71 + 2.0 %
respectively). For certain individual compounds such as L-PFOS and 6:2
FTSA, the mass balance recovery was notably lower (40 + 1.3 % and 35
+ 4.2 % respectively). The low mass balance recovery of PFAS pre-
cursors may be partially attributed to their transformation within the
plants and the wetland system, as reported previously (Fang et al., 2024;
Zhao et al., 2019). In contrast, the low recovery of long-chain PFAS and
PFSAs, like PFOS, is more likely due to sorption onto suspended parti-
cles, subsequently removed during filtration before analysis, which has
been previously reported (Sorengard et al., 2020). The wetland systems
may have contributed additional suspended particles, thereby influ-
encing the mass balance recovery. Substantial algae growth was
observed in the recirculation tanks, which may also have contributed to
an increase in suspended particles in the effluent water samples. Addi-
tional factors potentially contributing to the incomplete mass balance
for the long-chain PFAS include sorption to pipes and outer walls of the
setup, as well as to the sampling flasks. Furthermore, sorption to the
external surfaces of plant roots may also have influenced the mass bal-
ance, as this PFAS fraction was not analyzed. Therefore, the reported
removal efficiencies for certain PFAS are likely overestimated. The
similarity in treatment efficiency between the planted wetland units and
the controls indicates that the main PFAS removal mechanism of the
wetland units was the filter substrate. This theory is further supported by
the treatment efficiencies for the individual PFAS, where long-chain
PFAS and PFSAs were more efficiently removed than short-chain PFAS
and PFCAs, even when accounting for their lower mass balance re-
coveries. Hereby, L-PFOS had the highest removal efficiencies with
80-63 %, and PFBA had the lowest removal efficiencies with —3.2 to 8.5
%, excepting B-PFNA, which showed highly variable removal effi-
ciencies with —25 to 26 %. This could be attributed to the previously
reported higher sorption capacity of longer chain PFAAs to soil matrices
compared to shorter chain PFAAs (Li et al., 2019b). The high variability
in PFNA removal is likely due to concentrations being close to the MDL.
The fact that the addition of plants did not give any additional decrease
in PFAS concentration in the treated water could be attributed to the
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high water flow used in the experiment (on average, 87.9 L/d).

The difference in treatment efficiency for different branched and
linear PFAS led to changes in the isomeric composition of several
compounds, where the branched isomer fraction increased after treat-
ment. This trend was observed in both the planted wetland units and the
controls, with the most notable example being PFOS, where branched
PFOS-isomers increased from 40 % to 62 % of ) PFOS. This could also be
seen in PFNA (27 %-36 %) and PFHpS (33 %-39 %). This could be
expected as branched isomers such as PFOA and PFOS have been re-
ported to be enriched in solution compared to sediment in river water,
due to their lower hydrophobicity compared to their linear counterparts
(Chen et al., 2015). Change in isomeric composition was not observed
for PFHpA, PFHXS, or PFOA, possibly due to the difference in combined
linear and branched isomer treatment efficiency of the wetland units for
the different PFAS. The average removal efficiencies for ZPFHpS, PFOS,
and PFNA across all wetland units, including the controls, were 29 %,
33 %, and 57 %, respectively. Meanwhile, the treatment efficiencies for
ZPFHxS, PFHpA, and PFOA were lower, at 16 %, 11 %, and 19 %,
respectively.

3.2. PFAS uptake and concentrations in the plants and filter substrate

In total, 19 out of 29 PFAS (i.e., C3-C;1 PFCAs, C4-Cg PFSAs, PFECHS,
FOSA, 6:2 FTSA, 8:2 FTSA, and Et-FOSAA) (n = 8) were detected in the
peat and biochar, excluding the LECA (Fig. 2, Tables S14.1-14.5 in SI).
This includes four PFAS (PFDA, PFDoDA, FOSA, and 8:2 FTSA), which
were not detected in the influent water. PFDA and PFDoDA were also
found in low concentrations in the control substrate, suggesting that
these compounds may have been present in the filter substrate prior to
the experiment. As for the presence of FOSA and 8:2 FTSA, this could be
attributed either to contamination from other components of the
wetland units, such as the HDPE surfaces or tubing, or to accumulation
and subsequent up-concentration to detectable levels during the
experimental period. These compounds have relatively long per-
fluoroalkyl chains, which are correlated to a high solid-water parti-
tioning coefficient in carbon-rich materials such as biochar
(Fabregat-Palau et al., 2022), thus supporting the up-concentration
theory. The fluorotelomer 4:2 FTSA, while present in the influent
water, was not detected in the peat and biochar. Fluorotelomers are
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Fig. 2. Total plant ZPFAS concentration in the different plant species (each n =
2) (including roots, twigs, stem, leaves), peat and biochar mixture (n = 8), and
LECA (n = 8). PFCAs are represented in blue, PFSAs in green, and other func-
tional groups in yellow and red. Error bars represent the standard error. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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known to be transformed to PFAAs in river sediment (Zhang et al.,
2016a), which is likely to also occur in the wetland units. Both linear and
branched isomers were detected for PFNA, PFHxS, PFHpS, and PFOS.
The variations in ZPFAS concentration of the peat and biochar,
comparing the different wetland units, including the controls, were low,
with average ) PFAS being 56.2 + 9.65 ng/g dw (C. elata), 54.1 + 16.5
ng/g dw (control), 48.1 + 9.27 ng/g dw (C. sativa), and 44.4 + 19.8
ng/g dw (Salix spp), (n = 2 each).

Only eight out of 29 PFAS (Fig. 2, Tables S14.1-14.5 in SI) (n = 8) (i.
e., PFOA, PFTriDA, C4-Cg PFSAs, and PFECHS) were detected in LECA,
ranging from 3.38 ng/g dw (Salix spp) to 7.92 ng/g dw (control) for
S"PFAS (n = 2 each).

In total, 15 out of 29 PFAS were detected in the plants (n = 8)
(including roots, twigs, stems, and leaves). 12 out of 29 PFAS were
detected in all plant species (i.e. C3-C7 PFCAs, C4-Cg PFSAs, PFECHS, and
FOSA) (Fig. 2, Tables S15.1-15.5 in SI). Both linear and branched iso-
mers were detected for PFHxS, PFOA, PFHpS, PFNA, PFOS, and PFHpA.
Uptake of PFNA was only found in C. elata and C. sativa, and uptake of
PFDA and PFUnDA was only found in C. sativa. The fluorotelomeres 4:2
FTSA and 6:2 FTSA, while present in the inlet water, were not found in
any plant. These compounds have been shown to be enzymatically
transformed to PFAAs by plants (Zhao et al., 2019; Zhang et al., 2016b;
Zhao et al., 2018), which may explain why they were not detected in the
plants. Et-FOSAA is another PFAS found in the inlet water, which is
known to transform in nature (Mejia Avendano and Liu, 2015), and was
not found in any plant. PFDA and PFUnDA were detected in C. sativa, but
not in the influent water. This could be explained by the accumulation
and up-concentration of these compounds to detectable levels in the
plant tissue. PFDA was also found in the peat and biochar, making it
possible that C. sativa took up PFDA from the filter substrate. Total plant
>"PFAS concentrations were highest in C. sativa (44.7 + 23.4 ng/g dw),
followed by S. Loden (19.4 + 10.9 ng/g dw), C. elata (14.9 + 1.07 ng/g
dw), and S. Wilhelm (14.7 + 1.72 ng/g dw) (n = 2 each). It should be
noted, though, that some of the PFAS detected in plant tissue may derive
from foliar uptake rather than from the inlet water, as foliar uptake of
PFAS has previously been shown to occur (Chen et al., 2024).

Consequently, our results show that PFAS accumulate in both plant
tissue and substrate, which is consistent with the findings of previous
studies (Sharma et al., 2020; Dalahmeh et al., 2019; Campos-Pereira
etal., 2022). However, to the best of our knowledge, the capture of PFAS
in a combined peat and biochar mixture subsurface flow wetland with
growing plants has not been reported previously.

The composition of PFAS differed between the sample matrix types
(Fig. 2, Tables S14.1-514.5, and S15.1-15.5 in SI). In the total plants
(including roots, leaves, twigs, and stems where applicable), PFCAs had
the highest contribution (77 % of Y PFAS), followed by PFSAs (23 %)
and ) precursors (0.69 %). The PFAS composition in plants was domi-
nated by short-chain C3-C¢ PFCAs and C4-Cs PFSAs (57 % of Y PFAS),
whereas the peat and biochar mixture and LECA had a high contribution
of long-chained C7-C;2 PFCAs and Cg-Cg PFSAs (77 % and 93 % of
"PFAS, respectively). The peat and biochar mixture and the LECA had a
higher fraction of PFSAs (54 % and 51 % of ) PFAS, respectively)
compared to the water and plant samples (26 % and 23 % of > PFAS,
respectively). This difference in composition could be attributed to the
higher sorption capacity of longer chain PFAAs as well as PFSAs to soil
matrices (Li et al., 2019b). The shorter chain PFAS with a lower sorption
capacity instead becomes available for plant uptake, which has also been
observed in earlier studies (Nassazzi et al., 2023; Zhang et al., 2020).
The distribution of the PFAS precursors also varied, with the peat and
biochar mixture and LECA having a slightly higher fraction (1.9 % and
2.3 % of > PFAS, respectively) compared to the water (1.4 % of
>"PFAS), and the plant samples having a lower fraction (0.69 % of
S"PFAS). The low contribution of PFAS precursors in plants could be due
to the enzyme-mediated transformation of PFAS precursors to per-
fluorinated compounds, which are known to take place within several
PFAS precursor groups (Zhao et al., 2019; Zhang et al., 2016b; Zhao
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et al., 2018).

3.3. Tissue distribution of PFAS in the plant roots, stems, twigs, and leaves

The two-way ANOVA model revealed no significant differences in
composition between tissue types across species in terms of > PFAS
concentration, fraction of functional groups, and fraction of branched
isomers (p > 0.05). All species were thus pooled in the statistical analysis
for these measurements to increase statistical power.

The ) PFAS concentration varied between different plant tissue
types (Fig. 3). The PFAS concentrations were significantly higher in the
leaves (3} _PFAS = 111 + 38.7 ng/g dw) compared to the roots (3_PFAS
=10.9 £ 1.73 ng/g dw), > stems (}_PFAS = 4.79 + 2.28 ng/g dw) >
and twigs (3_PFAS = 2.26 + 1.29 ng/g dw) for all plant species (p <
0.05). Note that the twig tissue was only present in S. Wilhelm and S.
Loden. Furthermore, Y PFAS concentrations in roots were significantly
higher compared to twigs (p < 0.05). Comparing the functional groups
of PFAS, in roots, PFSAs were the largest PFAS fraction (on average, 66
% of ) PFAS) compared to PFCAs (32 %), and ) precursors (2.1 %).
Contrastingly, in leaves, the PFCAs comprised the highest composition
(on average, 84 % of Y PFAS) compared to PFSAs (16 %) and
> precursors (0.35 %). In stem and twigs, the PFAS composition profile
was more evenly distributed between PFSAs (on average, 41 % and 57 %
of Y"PFAS, respectively) and PFCAs (53 % and 46 %, respectively), but
low for Y precursors (1.8 % and 0.95 %, respectively). The different
distribution of PFAS regarding concentration and functional group has
been previously reported (Nassazzi et al., 2023), and indicates a corre-
lation of these factors with the translocation of PFAS from roots to
leaves.

3.4. Bioconcentration factors (BCF)
The BCF for individual PFAS ranged from 0.24 to 179 for leaves,

stems, twigs, and roots (Fig. 4). The highest BCF value for C. sativa, S.
Wilhelm, and C. elata was that of PFBA (137, 129, and 42.7,

A. ZPFAS concentration
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Fig. 4. PFAS bioconcentration factors (BCF = Cpjant-tissue/ Cinlet-water) in different
plant tissues plotted against the perfluoroalkyl chain length of the PFAS, n = 2
per species.

respectively) in leaves, which is comparable to what has previously been
observed for sunflower, mustard, Salix eleagnos, and Salix purpurea
(Nassazzi et al., 2023; Sharma et al., 2020). The highest BCF for S.
Loden, however, was found for PFPeA (179) in leaf. All detected < C7
PFAS had a higher BCF in leaf tissue than in root tissue in all plants,
whereas all detected > C8 PFAS had a higher BCF in root tissue than in
leaf tissue in all plants. These results are further strengthened by the
linear regression model showing a significant positive correlation (p <

B. PFAS composition profile
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Fig. 3. A) ZPFAS concentration in different plant tissue types (n = 2), and B) PFAS composition profile of each tissue type. C. sativa did not have twigs, and C. elata
did not have twigs or stems; thus, these tissue types are not applicable (N/A). PFCAs are represented in blue, PFSAs in green, and other functional groups in yellow.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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0.05) between the perfluoroalkyl chain length and BCF in the root tissue
for all species except C. sativa, for which it was seen but not significant
(p = 0.07). Inversely, there was a significant negative correlation be-
tween BCF and perfluoroalkyl chain lengths for the leaf tissue in C. sativa
and S. Wilhelm (p < 0.05), which was also seen but not significant for
the other species (p = 0.063-0.096). The BCF in stems and twigs was
lower than that of either leaves or roots for every detected PFAS. This
can be expected as PFAS with a high sorption coefficient to plant tissue
will be immobilized and accumulated in the roots, while PFAS with a
low sorption coefficient to plant tissue will be transported to the leaf
without sorption to stem or twigs, as reported previously (Felizeter et al.,
2014; Battisti et al., 2023). The linear regression model showed no
significant correlation between chain length and BCF in twigs or stems
(p > 0.05). Regarding the impact of the PFAS functional group, the
linear regression models indicated that the sulfonic group had a positive
impact on BCF in stems and roots of the two Salix clones compared to the
carboxylic group. This was, however, only significant for S. Wilhelm (p
< 0.05). If instead directly comparing the BCF for PFCAs and PFSAs with
the same perfluoroalkyl chain length, there was a higher BCF for C5-Cg
PFSAs compared to Cs-Cg PFCAs in all species, for root, stem, and twig
tissue, with the exception of C; PFCA (PFOA) having a higher BCF than
its corresponding PFSA in S. Loden stem, and some PFSAs being below
MDL in S. Loden twigs. This is expected since PFSAs have been shown to
have a higher sorption capacity to the root tissue than PFCAs (Felizeter
etal., 2014), which would allow for increased accumulation in roots but
reduced transport to leaves. Supporting this theory, the BCF for C4 PFCA
(PFPeA) was higher than that of C4 PFSA (PFBS) for all species in leaf
tissue. However, the BCF of Cs-Cg PFSAs was higher than that of their
corresponding PFCAs for all species in leaf tissue, except for C7-Cg PFAS
in C. sativa. This could perhaps be explained by the large differences in
the inlet water concentration of these compounds (Fig. S1 in SI). The
difference in BCF between tissue types has been observed previously
(Nassazzi et al., 2023; Sharma et al., 2020; Battisti et al., 2023) and is
most likely due to the negative correlation between PFAS hydropho-
bicity and their mobility from roots to above-ground plant parts. It has
been proposed that the casparian strip, a selective barrier in the plant
root, plays a major role in the translocation of PFAS within the plant
(Felizeter et al., 2014; Felizeter et al., 2012). Less hydrophobic,
shorter-chain PFAS may be able to cross the casparian strip into the plant
vascular tissue and be further translocated to above-ground plant parts
through the xylem. More hydrophobic, longer-chained PFAS are
restricted and tend to accumulate in the outer root tissues. This was
supported by a study on fern roots, which found PFOS in the root cortex
(outside the casparian strip), whereas the less hydrophobic GenX was
only found near the vascular cylinder (inside the casparian strip) (Qian
et al., 2023). This could also reflect PFOS sorption to the tissues of the
root cortex. Additional evidence from a comparative study with radish
and pak choi indicated that the absence of a functional Casparian strip in
radish allowed for greater translocation of PFOA in the radish compared
to the pak choi (Xu et al., 2024).

Table 1
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3.5. Estimated treatment potential using phytoremediation

All species had above-ground tissue/water concentrations >10/1 for
PFBA. This was also the case for C. elata with L-PFOS, and C. sativa with
PFPeA, PFBS, PFPeS, and L-PFOA, and S. Loden with PFPeA. The phy-
toremediation potential for PFAS for the four investigated plant species
was estimated based on the PFAS concentration in the plant (i.e., sum of
the total mass in stem, twigs, and leaves) and biomass production per ha
and year (Table 1). C. sativa had the highest predicted removal capacity
for Y PFAS (941 + 670 mg XPFAS/ha yr) due to both the highest PFAS
concentration in this study and the high biomass yields reported in the
literature (Zegada-Lizarazu et al., 2010). C. elata had the lowest pre-
dicted removal capacity for > PFAS (164 + 56 mg XPFAS/ha yr), partly
because of its lower reported biomass yields (Banaszuk et al., 2020). The
results correspond well with a previous study estimating the phytor-
emediation removal potential of Norway spruce, silver birch, and
ground elder close to a PFAS-impacted airfield to 550-1400 mg/ha yr of
296PFAS (Gobelius et al., 2017). It is, however, important to note that
the total removal of PFAS by phytoremediation is dependent on PFAS
concentration, as an increase in PFAS concentration has been shown to
lead to an increase in PFAS uptake in plants (Gredelj et al., 2020).
Cultivation methods have also been proven to be important, as is shown
by the difference in BCF for different PFAS between hydroponic and soil
conditions (Gredelj et al., 2020). It is reasonable to also extend this to
include different soil types, especially since factors like pH have been
shown to play a role in plant uptake of PFAS (Krippner et al., 2014). Itis
also likely that the removal values in Table 1 are underestimated, as the
hydraulic retention time in the wetland units was likely too low to
achieve effective treatment. Previous studies have used both consider-
ably higher and lower retention times than those used in this study
(Ferrario et al., 2022; Soda et al., 2012). A higher retention time would
likely increase the fraction of the water removed through transpiration,
which would likely also increase the relative PFAS uptake and immo-
bilization in plant tissues. It would also result in a higher fraction of the
water being lost to evaporation, thus increasing the PFAS concentration
in the remaining water, which has been shown to increase plant uptake
of PFAS (Gredelj et al., 2020). This could, however, also prove prob-
lematic for leachate-impacted groundwater with high sodium chloride
concentrations, as the salt would accumulate in the wetland, which
might prove detrimental to the plants. Both Salix and C. sativa are re-
ported to be cultivated on industrial scales for bioenergy purposes due to
their high biomass yields (Zegada-Lizarazu et al., 2010), suggesting that
they would be suitable for phytoremediation of PFAS. However, it has
been reported that adding nutrients to stimulate biomass growth reduces
the PFAS concentrations in plant tissue (Nassazzi et al., 2023), showing
that the subject of phytoremediation is more complicated than the
maximization of biomass, since if this were the case, PFAS concentration
in plant tissue would have remained constant for plants receiving nu-
trients, thus increasing the total PFAS uptake. C. elata is typically not
cultivated for biomass purposes and has considerably lower biomass
yields than C. sativa and Salix (Banaszuk et al., 2020; Zegada-Lizarazu,
2010). On the other hand, the Carex genus has been considered in pre-
vious PFAS phytoremediation studies (Greger, 2021; Zhang et al.,

Estimated treatment potential for the different plant species derived from ) PFAS concentrations (for individual PFAS see Tables S16-520 in SI) derived in this study,
combined with literature values on expected biomass yields (stem, twigs, leaves). A median value is calculated based on the biomass range. The biomass values of both

Salix spp and C. sativa were obtained from the same publication.

Species Mean ZPFAS concentration (ng/g dw) (range) Tonnes of biomass (stem, twigs, leaves) range in dw/ha yr Median ZPFAS removed in mg dw/ha yr (range)
C. elata 22.8 + 4.73 (18.1-27.5) 6-8(Banaszuk et al., 2020) 164 + 56 (108-220)

C. sativa 48 + 25 (22.6-73.4) 12-22 (Zegada-Lizarazu et al., 2010) 941 + 670 (271-1610)

S. Wilhelm 14.7 +£ 1.7 (13.1-16.6) 13-30 *(Zegada-Lizarazu et al., 2010) 333 + 163 (170-496)

S. Loden 19.5 + 11 (8.5-30.5) 10-23 *(Zegada-Lizarazu et al., 2010) 393 + 308 (85-702)

@ Biomass yields for the different Salix clones were taken from the mean Salix production data (Zegada-Lizarazu et al., 2010) and adjusted for biomass differences

seen in the experiment.
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2021a). In this study, however, C. elata showed lower phytoremediation
potential compared to C. sativa or Salix.

The modest PFAS removal shown by plants in wetland systems in this
study suggests that this approach is best suited for smaller-scale, local
water treatment applications where conventional PFAS treatment op-
tions may be cost-prohibitive. Such scenarios include agricultural
runoff, stormwater, leachate from small waste management facilities,
gray water, or decentralized sewage treatment systems. These wetlands
are particularly beneficial for treating complex waters co-contaminated
with metals or nutrients, as constructed wetlands have been shown to
efficiently remove these contaminants (Sheoran and Sheoran, 2006;
Vymazal, 2007). If safe end-use of the harvested biomass can be ensured,
such as through hydrothermal liquefaction to produce bio-oil and bio-
char (Zhang et al., 2021b), it could also offer value recovery from
PFAS-contaminated land, irrigation water, or fertilizers, while at the
same time contributing to system remediation.

4. Conclusions

This study investigated the use of subsurface flow constructed wet-
lands, with plants, to treat landfill leachate-impacted groundwater
during field conditions. The main removal mechanism of the wetlands
was shown to be sorption by the peat and biochar filter substrate, due to
short residence times in the units. Although plant uptake and accumu-
lation of PFAS were also observed. Short-chain PFAS and PFCAs were
shown to be taken up and translocated to above-ground plant parts,
while long-chain PFAS and PFSAs accumulated in plant roots and the
filter substrate. The above-ground BCF was >10 for several PFAS in one
or more plant species (PFBA, PFPeA, L-PFOA, PFBS, PFPeS, and L-PFOS),
with C. Sativa having an above-ground BCF >10 for the highest amount
of different PFAS. The study shows how plants can be used in combi-
nation with a peat and biochar filter substrate to treat PFAS-
contaminated groundwater, removing both short and long-chain PFAS.
The study thus provides valuable insight into how full-scale wetland
systems could be designed for efficient PFAS treatment. It is, however,
important to acknowledge the limitations of operating pilot wetlands for
a single growing season. Further studies should focus on larger-scale
systems operated for several seasons. It is also important to look into
the regeneration or destruction of the filter substrate, as well as the safe
repurposing or destruction of harvested biomass. It is also important to
design the wetland and its recirculation to limit the creation of aerosols
and PFAS transport to the atmosphere. The removal efficiencies of plants
observed in this study suggest that phytoremediation of PFAS contam-
inated water using wetlands would be best suited for smaller-scale, local
systems such as the treatment of agricultural runoff, stormwater,
leachate from small waste management facilities, greywater, or decen-
tralized sewage treatment systems. To achieve effective treatment, hy-
draulic retention times in such systems would likely need to be longer
than those applied in this study. Other uses for this technology is where
safe use of harvested biomass, such as for biofuel or biochar production,
can enable the beneficial use of PFAS-contaminated irrigation water or
fertilization. Our study has shown that phytoextraction of PFAS was
most efficient for the removal of short-chain PFAS, suggesting that it
could be a viable method in combination with other methods proven to
be efficient for the removal of long-chain PFAS, such as activated carbon
filters or foam fractionation.
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Pre-growing conditions of C. sativa

The plants were watered ad /ib with nutrient mixed water containing Nitrate-N 80 mg/L, Ammonium-N
40 mg/L, phosphorus 25 mg/L, potassium 130 mg/L, magnesium 5 mg/L, sulphur 5 mg/L, calcium 5
mg/L

Table S1: List of PFAS analyzed, including full name, abbreviation used in this manuscript,
carbon chain length, and perfluoroalkyl chain length

Full name Abbreviation Carbon chain Perfluoroalkyl chain
Perfluorobutyric acid PFBA 4 3
Perfluoropentanoic acid PFPeA 5 4
Perfluorobutanesulfonic acid PFBS 4 4
Perfluorohexanoic acid PFHxA 6 6
4:2 fluorotelomer sulfonate 4-2FTSA 6 4
tetrafluoro-2-

(heptafluoropropoxy)propanoic acid HFPO-DA 6 4
Perfluoropentanesulfonic acid PFPeS 5 5
Perfluoroheptanoic acid PFHpA 7 6
Sodium 4,8-dioxa-3H-

perfluorononanoate NaDONA 7 5
Perfluorohexanesulfonic Acid PFHxS 6 6
Perfluorooctanoic acid PFOA 8 7
6:2 fluorotelomer sulfonate 6-2 FTSA 8 6
Perfluoroheptanesulfonic acid PFHpS 7 7
perfluoro-4-ethylcyclohexanesulfonate PFECHS 8 6
Perfluorononanoic acid PFNA 9 8
Perfluorooctanesulfonamide FOSA 8 8
Perfluorooctanesulfonic acid PFOS 8 8
Perfluorodecanoic acid PFDA 10 9
8:2 fluorotelomer sulfonate 8-2 FTSA 10 8
9-chlorohexadecafluoro-3-oxanonane-1-

sulfonic acid 9CI-PF30ONS 8 7
Perfluorononanesulfonic acid PFNS 9 9
Perfluoroundecanoic acid PFUnDA 11 10
methylperfluorooctanesulfonamidoacetic

acid Me-FOSAA 8 8
ethylperfluorooctanesulfonamidoacetic

acid Et-FOSAA 8 8
perfluorodecanesulfonic acid PFDS 10 10
Perfluorododecanoic acid PFDoDA 12 11
11-chloroeicosafluoro-3-oxaundecane-1-

sulfonate acid 11CI-PF30UdS 10 9
Perfluorotridecanoic acid PFTriDA 13 12
Perfluorotetradecanoic acid PFTeDA 14 13




Table S2: The recirculation flow rates for each wetland unit

Recirculation flow rate

Unit (m%/d)
Salix A 0.28
Salix B 1.2

C. elata A 1.3
C.elata B 1.4

C. sativa A 1.0

C. sativa B 1.3
Control A 1.2
Control B 0.9

Table S3: quality control parameters for water matrix samples

Average Average SPE

Average relative filterblank blank Fieldblank

standard deviation | concentration concentration concentration
PFAS (%) (ng/L) (ng/L) (ng/L) MDL (ng/L)
PFBA 2.64 0.212 3.49 12 18.4
PFPeA 1.91 N/A 1.17 4.23 6.52
PFBS 2.84 0.58 0.385 N/A 1.77
PFHxA 2.21 N/A 0.119 0.39 0.601
4-2FTSA 20.8 N/A N/A N/A 0.405
HFPO-DA 3.52E-15 N/A N/A N/A 0.471
PFPeS 5.71 N/A N/A N/A 0.321
PFHpA-Linear 2.06 N/A 0.444 1.36 2.1
PFHpA-Branched | 7.61 N/A 0.444 1.36 2.1
NaDONA N/A N/A N/A N/A 0.905
PFHxS-Linear 7.34 0.0802 N/A N/A 0.253
PFHxS-Branched | 12.3 N/A 0.0169 N/A 0.144
PFOA-Linear 6.49 N/A 0.0256 0.689 1.06
PFOA-Branched 5.67 N/A N/A N/A 17.9
6-2 FTSA 3.36 0.129 N/A N/A 0.593
PFHpS-Linear 6.06 N/A N/A N/A 0.174
PFHpS-Branched | 3.3 N/A N/A N/A 0.627
PFECHS 5.84 N/A N/A N/A 0.24
PFNA-Linear 11.6 N/A 0.0551 0.222 0.343
PFNA-Branched 7.79 N/A N/A N/A 0.311
FOSA 4.72E-15 0.114 0.01 0.0743 0.704
PFOS-Linear 6.79 1.12 N/A N/A 4.09
PFOS-Branched 7.1 0.16 N/A N/A 0.984
PFDA 4.58E-15 0.346 0.136 N/A 1.45
8-2 FTSA N/A 0.0791 N/A N/A 0.488
9CI-PF30NS 3.62E-15 N/A N/A N/A 0.0287
PFNS N/A N/A N/A N/A 0.131
PFUnDA N/A 0.327 0.00151 0.111 1.34
Me-FOSAA 3.41E-15 N/A N/A N/A 0.243
Et-FOSAA 4.88E-15 0.0552 N/A N/A 0.34
PFDS N/A N/A N/A N/A 0.184
PFDoDA N/A 0.283 N/A 0.275 1.15
11CI-PF30UdS N/A N/A N/A N/A 0.406
PFTriDA N/A 0.443 N/A 0.099 1.84
PFTeDA N/A 1.41 0.00165 0.162 7.04




Table S4: quality control parameters for plant matrix samples

Analytical replicate Intra unit plant
average relative relative standard Average plant blank
PFAS standard deviation (%) | deviation (%) concentration (ng/Kg) | MDL (ng/Kg)
PFBA 224 64.9 208 1060
PFPeA 6.88 16 64.9 361
PFBS 8.68 36.6 76.7 360
PFHxA 11.5 35.5 76 443
4-2FTSA N/A N/A N/A 133
HFPO-DA N/A N/A N/A 40.9
PFPeS 11.6 40.8 N/A 30.2
PFHpA-Linnear 7.89 15.1 334 334
PFHpA-Branched 9.54 38.5 N/A 10
NaDONA N/A N/A N/A 24
PFHxS-Linnear 10.2 24.2 3.58 35.8
PFHxS-Branched 22 333 2.08 20.8
PFOA-Linnear 10.4 36.9 20.9 209
PFOA-Branched 14.4 80.7 N/A 105
6-2 FTSA N/A 29.7 21.9 154
PFHpS-Linnear 11.2 36.2 N/A 11.6
PFHpS-Branched 11.7 48.7 N/A 10
PFECHS 7.61 19.5 N/A 26.4
PFNA-Linnear N/A 55.5 36.8 368
PFNA-Branched 5.45 22.2 N/A 10
FOSA 17.8 71 3.67 21
PFOS-Linnear 6.87 325 26.7 180
PFOS-Branched 7.43 32.8 3.67 36.7
PFDA N/A 79.6 24.6 246
8-2 FTSA N/A N/A N/A 10.1
9CI-PF30NS N/A N/A N/A 20.9
PFNS N/A N/A N/A 21.6
PFUnDA 5.8 58.2 16.4 122
Me-FOSAA N/A N/A N/A 30
Et-FOSAA 16.6 43.9 N/A 29.2
PFDS N/A N/A N/A 21.5
PFDoDA N/A 51 59.1 417
11CI-PF30UdS N/A 19.2 N/A 26.9
PFTriDA N/A 49 3400 23700
PFTeDA N/A 82.7 5880 58700
Table S5: quality control parameters for filter substrate matrix samples
Replicate relative standard average blank concentration
PFAS deviation (%) (ng/Kg) MDL (ng/Kg)
PFBA 14.2 47.4 216
PFPeA 18.6 34.5 158
PFBS 11.2 93.5 345
PFHXA 23.1 127 567
4-2FTSA N/A 15.6 68.8
HFPO-DA N/A N/A 126
PFPeS 18.9 N/A 37.7
PFHpA-Linnear 11.3 60.2 269
PFHpA-Branched 53 N/A 59.2
NaDONA 1.77E-14 N/A 24




PFHxS-Linnear 20.1 N/A 32.6
PFHxS-Branched 56 N/A 16.3
PFOA-Linnear 16.8 101 455
PFOA-Branched 25 N/A 788
6-2 FTSA 18.2 2.88 14.2
PFHpS-Linnear 39.2 N/A 21.9
PFHpS-Branched 54.1 N/A 63
PFECHS 25.3 N/A 28.1
PFNA-Linnear 20.4 14.4 64.2
PFNA-Branched 43 N/A 36.9
FOSA 137 0.213 1.49
PFOS-Linnear 10.1 28.8 142
PFOS-Branched 26.3 N/A 12.5
PFDA 35.7 5.61 39.3
8-2 FTSA 1.5E-14 2.96 142
9CI-PF30ONS N/A N/A 69.6
PENS 1.97E-14 N/A 21.6
PFUnDA N/A 6.89 24.3
Me-FOSAA N/A N/A 37.8
Et-FOSAA 26.6 N/A 21.6
PFDS N/A N/A 21.1
PFDoDA 91 1.82 12.8
11CI-PF30UdS N/A N/A 38.1
PFTriDA 63.8 N/A 18.7
PFTeDA N/A 67.2 309
Table S6.1: PFAS concentration in pre-planting control plants
HFPO- L-
Tissue PFBA PFPeA | PFBS PFHxA | 4-2FTSA | DA PFPeS PFHpA
Species | type (ng/Kg) | (ng/Kg) | (ng/Kg) | (ng/Kg) | (ng/Kg) | (ng/Kg) | (ng/Kg) | (ng/Kg)
C. sativa | Root <1060 <361 <360 <443 <13.3 <40.9 <30.2 <334
C. sativa | Root <1060 459 <360 <443 <13.3 <40.9 <30.2 <334
C. sativa | Root <1060 <361 <360 <443 <133 <40.9 <30.2 <334
C. sativa | Stem <1060 <361 <360 <443 <13.3 <40.9 <30.2 <334
C. sativa | Stem <1060 <361 <360 <443 <13.3 <40.9 <30.2 <334
C. sativa | Stem <1060 <361 <360 <443 <133 <40.9 <30.2 <334
C. sativa | Leaf <1060 362 3540 1070 <13.3 <40.9 <30.2 744
C. sativa | Leaf <1060 473 3950 723 853 <40.9 <30.2 1330
C. sativa | Leaf <1060 <361 3770 802 <13.3 <40.9 108 1050
C. elata Root <1060 <361 <360 <443 <13.3 <40.9 <30.2 <334
C. elata Root <1060 <361 <360 <443 <13.3 <40.9 <30.2 <334
C. elata Root <1060 <361 <360 <443 <13.3 <40.9 <30.2 <334
C. elata Shoot <1060 <361 <360 <443 <13.3 <40.9 <30.2 <334
C.elata | Shoot <1060 <361 <360 <443 <13.3 <40.9 <30.2 <334
C.elata | Shoot <1060 <361 <360 <443 <13.3 <40.9 <30.2 <334
S.
Wilhelm | Stem <1060 <361 <360 <443 <13.3 <40.9 <30.2 <334
S.
Wilhelm Stem <1060 <361 <360 <443 <13.3 <40.9 <30.2 <334




S.
Wilhelm

Stem <1060 <361 <360 <443 <133 <40.9 <30.2 <334
S. Loden | Stem <1060 <361 <360 <443 <133 <40.9 <30.2 <334
S. Loden | Stem <1060 <361 <360 <443 <13.3 <40.9 <30.2 <334
S. Loden | Stem <1060 <361 <360 <443 <133 <40.9 <30.2 <334
s,
Wilhelm | Stem <1060 <361 <360 <443 <133 <40.9 <30.2 <334
s
Wilhelm | Stem <1060 <361 <360 <443 <133 <40.9 <30.2 <334
s
Wilhelm | Stem <1060 <361 <360 <443 <133 <40.9 <30.2 <334

Table S6.2: PFAS concentration in pre-planting control plants continuing
B- B- 6-2

Tissue | PFHpA | NaDONA | L-PFHxS | B-PFHxS | L-PFOA | PFOA | FTSA | L-PFHpS
Species | type (ng/Kg) | (ng/Kg) | (ng/Kg) (ng/Kg) (ng/Kg) | (ng/Kg) | (ng/Kg) | (ng/Kg)
C. sativa_| Root <10 <24 <35.8 <20.8 <209 <105 <154 <116
C. sativa_| Root <10 <24 <35.8 <20.8 <209 <105 <154 <116
C. sativa_| Root <10 <24 <35.8 <20.8 <209 <105 <154 <11.6
C. sativa_| Stem <10 <24 <35.8 <20.8 <209 <105 <154 <116
C. sativa_| Stem <10 <24 <35.8 <20.8 <209 <105 <154 <116
C. sativa_| Stem <10 <24 <35.8 <20.8 <209 <105 <154 <116
C. sativa | Leaf 744 <24 76.9 33.3 5690 471 <154 <11.6
C.sativa_| Leaf 1330 <24 116 313 4410 184 <154 <11.6
C.sativa | Leaf 1050 <24 94.2 53.6 5210 388 <154 <11.6
C. elata Root <10 <24 <35.8 <20.8 <209 <105 <154 <11.6
C. elata Root <10 <24 <35.8 <20.8 <209 <105 <154 <11.6
C. elata__| Root <10 <24 <35.8 <20.8 <209 <105 <154 <116
C.elata | Shoot | <10 <24 <35.8 <20.8 <209 <105 <154 <116
C.elata | Shoot | <10 <24 <35.8 <20.8 <209 <105 <154 <116
C.elata | Shoot | <10 <24 <35.8 <20.8 <209 <105 <154 <116
s
Wilhelm | Stem <10 <24 <35.8 <20.8 <209 <105 <154 <116
s
Wilhelm Stem <10 <24 <35.8 <20.8 <209 <105 <154 <11.6
s
Wilhelm Stem <10 <24 <35.8 <20.8 <209 <105 <154 <11.6
S. Loden | Stem <10 <24 <35.8 <20.8 <209 <105 <154 <116
S. Loden | Stem <10 <24 <35.8 <20.8 <209 <105 <154 <116
S. Loden | Stem <10 <24 <35.8 <20.8 <209 <105 <154 <116
s
Wilhelm | Stem <10 <24 <35.8 <20.8 <209 <105 <154 <116
s
Wilhelm | Stem <10 <24 <35.8 <20.8 <209 <105 <154 <116
S.
Wilhelm Stem <10 <24 <35.8 <20.8 <209 <105 <154 <11.6




Table S6.3: PFAS concentration in pre-planting control plants continuing

L-
Tissue | B-PFHpS | PFECHS | PFNA | B-PFNA | FOSA L-PFOS | B-PFOS | PFDA
Species | type (ng/Kg) (ng/Kg) (ng/Kg) | (ng/Kg) (ng/Kg) (ng/Kg) (ng/Kg) | (ng/Kg)
C. sativa | Root <10 <26.4 <368 <10 21.5 <180 <36.7 <246
C. sativa | Root <10 <26.4 <368 <10 <21 <180 <36.7 <246
C. sativa | Root <10 <26.4 <368 <10 <21 <180 <36.7 <246
C. sativa | Stem <10 <26.4 <368 <10 <21 <180 <36.7 <246
C. sativa | Stem <10 <26.4 <368 <10 <21 <180 <36.7 <246
C. sativa | Stem <10 <26.4 <368 <10 <21 <180 <36.7 <246
C. sativa | Leaf <10 <26.4 <368 <10 36.1 <180 <36.7 <246
C. sativa | Leaf <10 <26.4 <368 <10 <21 <180 <36.7 <246
C. sativa | Leaf <10 <26.4 <368 <10 <21 <180 <36.7 <246
C. elata | Root <10 <26.4 <368 <10 <21 <180 <36.7 <246
C. elata | Root <10 <26.4 <368 <10 <21 <180 <36.7 <246
C. elata | Root <10 <26.4 <368 <10 <21 <180 <36.7 <246
C.elata | Shoot | <10 <26.4 <368 <10 33.8 <180 <36.7 <246
C.elata | Shoot | <10 <26.4 <368 <10 31 <180 <36.7 <246
C.elata | Shoot | <10 <26.4 <368 <10 <21 <180 <36.7 <246
S.
Wilhelm | Stem <10 <26.4 <368 <10 <21 <180 <36.7 <246
S.
Wilhelm | Stem <10 <26.4 <368 <10 <21 <180 <36.7 <246
S.
Wilhelm | Stem <10 <26.4 <368 <10 <21 <180 <36.7 <246
S. Loden | Stem <10 <26.4 <368 <10 <21 <180 <36.7 <246
S. Loden | Stem <10 <26.4 <368 <10 <21 <180 <36.7 <246
S. Loden | Stem <10 <26.4 <368 <10 <21 <180 <36.7 <246
S.
Wilhelm | Stem <10 <26.4 <368 <10 <21 <180 <36.7 <246
S.
Wilhelm | Stem <10 <26.4 <368 <10 <21 <180 <36.7 <246
S.
Wilhelm | Stem <10 <26.4 <368 <10 <21 <180 <36.7 <246
Table S6.4: PFAS concentration in pre-planting control plants continuing
82 9Cl- Me- Et-
Tissue FTSA PF30ONS | PFNS PFUnDA | FOSAA | FOSAA | PFDS PFDoDA
Species type (ng/Kg) | (ng/Kg) (ng/Kg) | (ng/Kg) (ng/Kg) | (ng/Kg) | (ng/Kg) | (ng/Kg)
C. sativa | Root <10.1 <20.9 <21.6 <122 <30 <29.2 <21.5 <41.7
C. sativa Root <10.1 <20.9 <21.6 <122 <30 <29.2 <21.5 <41.7
C. sativa Root <10.1 <20.9 <21.6 <122 <30 <29.2 <21.5 <41.7
C. sativa Stem <10.1 <20.9 <21.6 <122 <30 <29.2 <21.5 <41.7
C. sativa Stem <10.1 <20.9 <21.6 <122 <30 <29.2 <21.5 <41.7
C. sativa Stem <10.1 <20.9 <21.6 <122 <30 <29.2 <21.5 <41.7
C. sativa | Leaf <10.1 <20.9 <21.6 <122 <30 <29.2 <21.5 <41.7
C. sativa | Leaf <10.1 <20.9 <21.6 <122 <30 <292 <21.5 <41.7
C. sativa | Leaf <10.1 <20.9 <21.6 <122 <30 <29.2 <21.5 <41.7
C.elata | Root <10.1 <20.9 <21.6 <122 <30 <29.2 <21.5 <41.7
C.elata | Root <10.1 <20.9 <21.6 <122 <30 <29.2 <21.5 <41.7
C. elata | Root <10.1 <20.9 <21.6 <122 <30 <29.2 <21.5 <41.7




C. elata Shoot <10.1 <20.9 <21.6 <122 <30 <29.2 <21.5 <41.7
C. elata Shoot <10.1 <20.9 <21.6 <122 <30 <29.2 <21.5 <41.7
C. elata Shoot <10.1 <20.9 <21.6 <122 <30 <29.2 <21.5 <41.7
S.
Wilhelm Stem <10.1 <20.9 <21.6 <122 <30 <29.2 <21.5 <41.7
S.
Wilhelm Stem <10.1 <20.9 <21.6 <122 <30 <29.2 <21.5 <41.7
S.
Wilhelm Stem <10.1 <20.9 <21.6 <122 <30 <29.2 <21.5 <41.7
S. Loden | Stem <10.1 <20.9 <21.6 <122 <30 <29.2 <21.5 <41.7
S. Loden | Stem <10.1 <20.9 <21.6 <122 <30 <29.2 <21.5 <41.7
S. Loden | Stem <10.1 <20.9 <21.6 <122 <30 <29.2 <21.5 <41.7
S.
Wilhelm Stem <10.1 <20.9 <21.6 <122 <30 <29.2 <21.5 <41.7
S.
Wilhelm Stem <10.1 <20.9 <21.6 <122 <30 <29.2 <21.5 <41.7
S.
Wilhelm Stem <10.1 <20.9 <21.6 <122 <30 <29.2 <21.5 <41.7

Table S6.5 PFAS concentration in pre-planting control plants continuing

11Cl-
Tissue PF30UdS | PFTriDA | PFTeDA

Species type (ng/Kg) (ng/Kg) (ng/Kg)
C. sativa Root <26.9 <23700 <58700
C. sativa Root <26.9 <23700 <58700
C. sativa Root <26.9 <23700 <58700
C. sativa Stem <26.9 <23700 <58700
C. sativa Stem <26.9 <23700 <58700
C. sativa Stem <26.9 <23700 <58700
C. sativa | Leaf <26.9 <23700 <58700
C. sativa Leaf <26.9 <23700 <58700
C. sativa | Leaf <26.9 <23700 <58700
C. elata Root <26.9 <23700 <58700
C. elata Root <26.9 <23700 <58700
C. elata Root <26.9 <23700 <58700
C. elata Shoot <26.9 <23700 <58700
C. elata Shoot <26.9 <23700 <58700
C. elata Shoot <26.9 <23700 <58700
S.

Wilhelm Stem <26.9 <23700 <58700
S.

Wilhelm Stem <26.9 <23700 <58700
S.

Wilhelm Stem <26.9 <23700 <58700
S. Loden Stem <26.9 <23700 <58700
S. Loden Stem <26.9 <23700 <58700
S. Loden Stem <26.9 <23700 <58700
S.

Wilhelm Stem <26.9 <23700 <58700
S.

Wilhelm Stem <26.9 <23700 <58700
S.

Wilhelm Stem <26.9 <23700 <58700




Table S7: PFAS concentration in control filter substrate

Peat and
biochar

LECA mix
PFAS (ng/Kg) (ng/Kg)
PFBA <216 <216
PFPeA <158 <158
PFBS <345 <345
PFHxA <567 <567
4-2 FTSA | <68.8 <68.8
HFPO-
DA <126 <126
PFPeS <37.7 <37.7
PFHpA <269 <269
NaDONA | <24 <24
PFHxS <32.6 <32.6
PFOA <455 <455
6-2 FTSA | 7080 10100
PFHpS <21.9 <21.9
PFECHS | <28.1 <28.1
PFNA <64.2 <64.2
FOSA <1.49 <1.49
PFOS <142 <142
PFDA <39.3 51.3
8-2FTSA | <14.2 <14.2
9CI-
PF30NS | <69.6 <69.6
PFNS <21.6 <21.6
PFUnDA4 | 101 <243
Me-
FOSAA <37.8 <37.8
Et-
FOSAA <21.6 <21.6
PFDS <21.1 <21.1
PFDoDA | <12.8 21.9
11CI-
PF30UdS | <38.1 <38.1
PFTriDA | <18.7 <18.7
PFTeDA <309 <309

Equation S1: The mass balance recovery of the system

Recovery
_ CPlants * MPlants + CLECA * MLECA + CPeat and biochar * MPeat and biochar + CEffluent * VWater

Clnlet * VWater



Table S8: A mass balance depicting the total recovery of PFAS for each of the wetland units.
PFAS in plant biomass, filter substrate, inlet, and effluent to the units have been taken into
account. Losses through evaporation and evapotranspiration are assumed to be negligible due to
the high flow rate, and effluent volume is thus assumed to be equal to inlet volume.

PFAS Salix spp Salix spp C.elata A | C.elataB | S. sativa A | S. sativa B | Control A | Control B
A (%) B (%) (%) (%) (%) (%) (%) (%)
PFBA 105 103 102 106 100 99.1 100 88.5
PFPeA 104 103 100 102 101 98.9 97.1 90.3
PFBS 102 95.8 90 92.6 95.1 94.3 96.3 79.6
PFHxA 97 92.8 94.2 89.4 102 96.3 91.8 90.8
4-2FTSA | 0 0 0 0 0 93 63.1 0
HFPO- N/A N/A N/A N/A N/A N/A N/A N/A
DA
PFPeS 92.1 90.8 91.7 84.3 90.9 93 86.7 88.1
L-PFHpA | 92.7 90.8 92.1 80.8 95 91.5 89.3 91.1
B-PFHpA | 104 96.1 87.2 81.3 773 90.9 80.6 88.3
NaDONA | N/A N/A N/A N/A N/A N/A N/A N/A
L-PFHxS | 92 79.6 91.7 77.1 84.7 88.6 89.1 85.7
B-PFHxS | 88 85.1 84.5 84.7 72.1 89.2 87.3 75
L-PFOA 80.6 80.4 85.9 80 80.9 86.1 90 90
B-PFOA 80.2 83.2 80.8 85.8 75.4 80.4 85.2 89.3
6-2 FTSA | 33.7 15.3 377 29.7 35.7 47.6 543 27.9
L-PFHpS | 66.7 55.6 76.5 59.8 65 72.8 74.4 74.3
B-PFHpS | 84.2 75.1 84.4 71.7 76.4 85.5 81.8 78
PFECHS | 77.7 80.8 82.8 80 76.5 83.5 78.7 86
L-PFNA 56.9 514 67.5 574 56.5 58.3 76.3 67
B-PFNA 78 77 85.9 61.2 55.4 65 72 84.5
FOSA N/A N/A N/A N/A N/A N/A N/A N/A
L-PFOS 27 24.4 52.5 31.6 39.6 42.1 49 54.4
B-PFOS 64 61.5 84.7 60.2 63.7 71.9 80.4 84.5
PFDA N/A N/A N/A N/A N/A N/A N/A N/A
8-2 FTSA | N/A N/A N/A N/A N/A N/A N/A N/A
9CI- N/A N/A N/A N/A N/A N/A N/A N/A
PF30NS
PFNS N/A N/A N/A N/A N/A N/A N/A N/A
PFUnDA | N/A N/A N/A N/A N/A N/A N/A N/A
Me- N/A N/A N/A N/A N/A N/A N/A N/A
FOSAA
Et- 1.85 15.7 28.9 6.54 90.7 6.64 4.59 36.1
FOSAA
PFDS N/A N/A N/A N/A N/A N/A N/A N/A
PFDoDA | N/A N/A N/A N/A N/A N/A N/A N/A
11CI- N/A N/A N/A N/A N/A N/A N/A N/A
PF30UdS
PFTriDA | N/A N/A N/A N/A N/A N/A N/A N/A
PFTeDA N/A N/A N/A N/A N/A N/A N/A N/A
X PFAS 88.4 85.5 89.4 83.9 87.6 88.7 89.3 87.2




Table S9: Mass balance showing the % of applied PFAS found in effluent water.

PFAS Salix spp Salix spp C.elata A | C. elataB | S. sativa A | S. sativa B | Control A | Control B
A (%) B (%) (%) (%) (%) (%) (%) (%)
PFBA 104 102 101 105 98.8 98.2 99.6 87.8
PFPeA 103 102 99.7 102 100 98.4 97.3 89.8
PFBS 101 95 88.1 91.9 94.4 93.9 94.4 771
PFHxA 96.7 92.2 93.7 89 101 95.7 91.4 90.4
4-2FTSA | 0 0 0 0 0 93 63.1 0
HFPO-
DA N/A N/A N/A N/A N/A N/A N/A N/A
PFPeS 90.4 88.8 89.2 81.8 88.3 90.9 84.8 85.5
L-PFHpA | 92.2 89.9 91.3 80 94.2 90.8 88.6 90.5
B-PFHpA | 104 96.1 87.2 81.3 77.2 90.9 80.6 88.3
NaDONA | N/A N/A N/A N/A N/A N/A N/A N/A
L-PFHxS | 89.3 75.8 87.4 73 80.9 85.5 85.6 81.2
B-PFHxS | 86.3 82.7 82.9 82.6 70.3 87.1 85.7 72.2
L-PFOA 78.3 76.7 82.1 76.3 77.2 82.6 85.9 84
B-PFOA 79.9 82.4 80.2 85.1 74.7 79.7 84.8 88.8
6-2 FTSA | 335 15.1 37.6 29.7 35.5 47.5 54.3 27.7
L-PFHpS | 63.6 47.8 65.4 54.4 57.2 67.2 67.3 60.5
B-PFHpS | 83.3 72.1 81.1 69.6 74 84.6 79.6 74.5
PFECHS | 753 76.6 77.3 75.5 72.6 79.4 73.9 78.8
L-PFNA 54.5 45.5 60.4 53 50.6 54.9 73 58
B-PFNA 77 73 81.7 58.6 53.5 64.1 69.9 80.6
FOSA N/A N/A N/A N/A N/A N/A N/A N/A
L-PFOS 22.8 12.2 29.7 239 25 29.8 41.5 26.6
B-PFOS 58.6 49.2 65 52.1 52.9 61 70.9 57.4
PFDA N/A N/A N/A N/A N/A N/A N/A N/A
8-2 FTSA | N/A N/A N/A N/A N/A N/A N/A N/A
9CI-
PF30NS N/A N/A N/A N/A N/A N/A N/A N/A
PFNS N/A N/A N/A N/A N/A N/A N/A N/A
PFUnDA | N/A N/A N/A N/A N/A N/A N/A N/A
Me-
FOSAA N/A N/A N/A N/A N/A N/A N/A N/A
Et-
FOSAA 0 0 0 0 71.3 0 0 0
PFDS N/A N/A N/A N/A N/A N/A N/A N/A
PFDoDA | N/A N/A N/A N/A N/A N/A N/A N/A
11CI-
PF30UdS | N/A N/A N/A N/A N/A N/A N/A N/A
PFTriDA | N/A N/A N/A N/A N/A N/A N/A N/A
PFTeDA N/A N/A N/A N/A N/A N/A N/A N/A
X PFAS 86.9 82.9 86.1 81.5 84.9 86.4 87 82.9




Table S10:

Mass balance showing the % of applied PFAS found in plant biomass.

PFAS Salix spp Salix spp C.elata A | C.elataB | S. sativa A | S. sativa B | Control A | Control B
A (%) B (%) (%) (%) (%) (%) (%) (%)
PFBA 0.137 0.253 0.163 0.163 0.468 0.0585 0 0
PFPeA 0.326 0.0732 0.0249 0.0249 0.219 0.0274 0 0
PFBS 0.0356 0.0656 0.00358 0.00358 0.155 0.0194 0 0
PFHxA 0.0185 0.0213 0.00813 0.00813 0.113 0.0141 0 0
4-2FTSA | 0 0 0 0 0 0 0 0
HFPO-
DA N/A N/A N/A N/A N/A N/A N/A N/A
PFPeS 0.0376 0.0503 0.0126 0.0126 0.164 0.0204 0 0
L-PFHpA | 0.0188 0.00985 0.0043 0.0043 0.116 0.0145 0 0
B-PFHpA | 0 0 0 0 0.0577 0.00721 0 0
NaDONA | N/A N/A N/A N/A N/A N/A N/A N/A
L-PFHxS | 0.0411 0.0507 0.0285 0.0285 0.12 0.015 0 0
B-PFHxS | 0.0246 0.0282 0.0162 0.0162 0.0987 0.0123 0 0
L-PFOA 0.04 0.0272 0.0222 0.0222 0.2 0.0249 0 0
B-PFOA 0.0255 0.00817 0.0037 0.0037 0.0136 0.0017 0 0
6-2FTSA | 0 0 0 0 0 0 0 0
L-PFHpS | 0.038 0.0403 0.0538 0.0538 0.0375 0.00469 0 0
B-PFHpS | 0.0143 0.0216 0.0208 0.0208 0.00693 0.000867 0 0
PFECHS | 0.0295 0.0478 0.0184 0.0184 0.0214 0.00267 0 0
L-PFNA 0 0 0 0 0 0 0 0
B-PFNA 0 0 0.0528 0.0528 0.00424 0.00053 0 0
FOSA N/A N/A N/A N/A N/A N/A N/A N/A
L-PFOS 0.0529 0.0315 0.0876 0.0876 0.11 0.0138 0 0
B-PFOS 0.0422 0.0515 0.052 0.052 0.0424 0.0053 0 0
PFDA N/A N/A N/A N/A N/A N/A N/A N/A
8-2 FTSA | N/A N/A N/A N/A N/A N/A N/A N/A
9ClI-
PF30NS N/A N/A N/A N/A N/A N/A N/A N/A
PFNS N/A N/A N/A N/A N/A N/A N/A N/A
PFUnDA | N/A N/A N/A N/A N/A N/A N/A N/A
Me-
FOSAA N/A N/A N/A N/A N/A N/A N/A N/A
Et-
FOSAA 0 0 0 0 0 0 0 0
PFDS N/A N/A N/A N/A N/A N/A N/A N/A
PFDoDA | N/A N/A N/A N/A N/A N/A N/A N/A
11CI-
PF30UdS | N/A N/A N/A N/A N/A N/A N/A N/A
PFTriDA | N/A N/A N/A N/A N/A N/A N/A N/A
PFTeDA N/A N/A N/A N/A N/A N/A N/A N/A
X PFAS 0.0474 0.0482 0.0287 0.0287 0.161 0.0202 0 0




Table S11: Mass balance showing the % of applied PFAS found in the filter substrate.

PFAS Salix spp Salix spp C.elata A | C. elataB | S. sativa A | S. sativa B | Control A | Control B
A (%) B (%) (%) (%) (%) (%) (%) (%)
PFBA 0.622 0.887 0.929 1 0.921 0.847 0.623 0.706
PFPeA 0.449 0.531 0.56 0.574 0.58 0.524 0.392 0.478
PFBS 0.462 0.788 2.15 0.73 0.584 0.437 1.9 1.93
PFHxA 0.322 0.616 0.492 0.438 0.634 0.5 0.377 0.414
4-2FTSA | 0 0 0 0 0 0 0 0
HFPO- N/A N/A N/A N/A N/A N/A N/A N/A
DA
PFPeS 1.67 1.92 2.43 2.49 2.41 1.96 1.92 2.64
L-PFHpA | 0.46 0.834 0.718 0.771 0.777 0.65 0.69 0.58
B-PFHpA | 0.0827 0 0 0 0 0 0 0
NaDONA | N/A N/A N/A N/A N/A N/A N/A N/A
L-PFHxS | 2.65 3.72 4.28 4.07 3.69 3.09 3.51 4.46
B-PFHxS | 1.59 2.31 1.59 2.07 1.72 2.18 1.54 2.78
L-PFOA 2.29 3.71 3.81 3.74 3.49 3.49 4.09 6.07
B-PFOA 0.143 0.766 0.589 0.705 0.634 0.629 0.407 0.5
6-2 FTSA | 0.0897 0.194 0 0 0.206 0 0 0.165
L-PFHpS | 3.07 7.72 11 5.35 7.81 5.52 7.11 13.8
B-PFHpS | 0.692 2.97 3.23 2.05 2.33 0.873 2.24 3.53
PFECHS | 2.33 4.18 5.51 3.44 3.88 4.17 4.75 7.35
L-PFNA 2.34 591 7.05 4.4 6 3.42 3.38 9.15
B-PFNA 0.792 3.94 4.17 2.64 1.84 0 2.11 3.9
FOSA N/A N/A N/A N/A N/A N/A N/A N/A
L-PFOS 4.13 12.2 22.7 7.67 14.5 12.3 7.46 27.7
B-PFOS 5.13 12.3 19.6 8.1 10.8 11 9.57 27
PFDA N/A N/A N/A N/A N/A N/A N/A N/A
8-2 FTSA | N/A N/A N/A N/A N/A N/A N/A N/A
9Cl- N/A N/A N/A N/A N/A N/A N/A N/A
PF30NS
PFNS N/A N/A N/A N/A N/A N/A N/A N/A
PFUnDA | N/A N/A N/A N/A N/A N/A N/A N/A
Me- N/A N/A N/A N/A N/A N/A N/A N/A
FOSAA
Et- 0.998 15.7 28.8 6.57 19.5 6.64 4.63 359
FOSAA
PFDS N/A N/A N/A N/A N/A N/A N/A N/A
PFDoDA | N/A N/A N/A N/A N/A N/A N/A N/A
11CI- N/A N/A N/A N/A N/A N/A N/A N/A
PF30UdS
PFTriDA | N/A N/A N/A N/A N/A N/A N/A N/A
PFTeDA N/A N/A N/A N/A N/A N/A N/A N/A
X PFAS 1.42 2.56 3.29 2.29 2.54 2.33 2.36 4.23

Equation S2.1-2.4: the phytoremediation potentials of the different plant species
S2.1: Phytoremediation potential of C. elata = PFAS concentration leaf * Biomass yield/ha yr

S2.2: Phytoremediation potential of C. Sativa = ((PFAS concentration leaf * average weight of leaf + PFAS
concentration stem * average weight of stem) / average weight of plant) *Biomass yield/ha yr



S2.3: Phytoremediation potential of S. Loden = ((PFAS concentration leaf * average weight of leaf + PFAS
concentration twig * average weight twig + PFAS concentration stem * average weight of stem) / average

weight of plant) * ((Biomass yield / ha yr * (experimental biomass yield of S. Loden / experimental biomass
yield of S. Wilhelm))

S2.4: Phytoremediation potential S. Wilhelm = ((PFAS concentration leaf * average weight of leaf + PFAS
concentration twig * average weight twig + PFAS concentration stem * average weight of stem) / average

weight of plant) * ((Biomass yield / ha yr * (experimental biomass yield of S. Wilhelm / experimental
biomass yield of S. Loden))
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Figure S1: The PFAS concentrations of the wetland units inlet water (n=3).



Table S12.1: PFAS concentrations in water samples

Sample HFPO- L-
date PFBA PFPeA  PFBS PFHxA  4-2FTSA DA PFPeS  PFHpA
Unit (yy/mm/dd) (ng/L) (ng/L) (ng/L)  (ng/L) (ng/L) (ng/L) (ng/L) (ng/L)
Inflow 220705 251 382 245 649 0.778 <0.471 99.3 331
Inflow 220804 254 371 218 708 <0.405 <0.471 85.4 324
Inflow 220907 241 366 202 625 <0.405 <0.471 78.8 321
Control A 220708 273 360 225 588 <0.405 <0.471 71.5 285
Control A 220708 254 360 221 584 0.78 <0.471 87.1 277
Control A 220804 246 381 213 650 <0.405 <0.471 73.2 306
Control A 220907 224 331 193 586 <0.405 <0.471 69.8 263
Control B 220705 211 322 149 587 <0.405 <0.471 65.3 304
Control B 220804 239 356 217 645 <0.405 <0.471 88.6 296
Control B 220804 246 382 200 669 <0.405 <0.471 88.4 299
Control B 220907 180 281 158 518 <0.405 <0.471 75.9 268
Salix spp A 220705 279 365 226 590 <0.405 <0.471 91.4 285
Salix spp A 220804 256 414 239 741 <0.405 <0.471 76.1 322
Salix spp A 220907 232 372 211 546 <0.405 <0.471 70.3 284
Salix spp B 220705 252 364 220 600 <0.405 <0.471 77.6 280
Salix spp B 220804 254 401 210 639 <0.405 <0.471 80 301
Salix spp B 220907 264 382 220 612 <0.405 <0.471 86.7 311
C. elata A 220705 277 359 185 577 <0.405 <0.471 82.2 274
C. elata A 220804 245 406 213 693 <0.405 <0.471 81.2 326
C. elata A 220907 218 316 200 587 <0.405 <0.471 73.4 283
C. elata B 220705 244 364 223 575 <0.405 <0.471 83.3 278
C. elata B 220804 275 402 186 598 <0.405 <0.471 62.7 237
C. elata B 220907 280 362 232 656 <0.405 <0.471 79.5 285
C. sativa A 220705 241 372 198 709 <0.405 <0.471 80.8 315
C. sativa A 220804 253 379 224 668 <0.405 <0.471 78.5 314
C. sativa A 220907 253 370 229 642 <0.405 <0.471 79.2 269
C. sativa B 220705 234 363 201 585 0.723 <0.471 90.7 274
C. sativa B 220804 257 377 232 692 <0.405 <0.471 75.8 312
C. sativa B 220907 249 358 189 656 <0.405 <0.471 75.8 313
Table S12.2: PFAS concentration in water continuing

Sample

date B- L- B- L-

(yy/mm PFHpA NaDONA PFHxS PFHxS L-PFOA B-PFOA 6-2 FTSA PFHpS
Unit /dd) (ng/L) (ng/L) (ng/L)  (ng/L) (ng/L) (ng/L) (ng/L) (ng/L)
Inflow 220705 232 <0.905 381 73.3 973 204 16.3 20.8
Inflow 220804  32.8 <0.905 359 529 974 237 11.9 20.1
Inflow 220907 40.1 <0.905 339 59.1 922 213 <0.593 16.3
Control A 220708 185 <0.905 287 55.8 724 153 7.73 12.3
Control A 220708 25 <0.905 320 64.1 798 160 8.16 11.9
Control A 220804  27.7 <0.905 327 49.7 913 214 6.1 14.4
Control A 220907  20.8 <0.905 292 46.1 773 190 3.51 13.4
Control B 220705  21.7 13.1 248 40.1 812 174 5.29 8.07
Control B 220804  30.7 <0.905 317 44.4 804 216 241 14.5
Control B 220804  28.8 <0.905 346 52.4 846 210 2.16 16.4
Control B 220907 30 <0.905 326 48.1 766 202 0.821 12.6
Salixspp A 220705  25.5 <0.905 326 57.5 660 138 7.39 9.97
Salix spp A 220804 389 <0.905 336 52.4 863 202 2.19 14.4
Salixspp A~ 220907 244 <0.905 297 473 708 200 <0.593 14.5
Salix spp B 220705  22.8 <0.905 258 52.5 740 154 4.36 7.21
Salix spp B 220804 305 <0.905 282 48.9 751 200 <0.593 10.3
Salix spp B 220907 40.1 <0.905 311 56.2 713 200 <0.593 13.1
C. elata A 220705 22.8 <0.905 289 51.1 684 144 6.63 9.59
C. elata A 220804  30.7 <0.905 349 54.6 887 196 343 15.2
C. elata A 220907 223 <0.905 315 443 814 207 1.64 15.6



C. elata B 220705 235 <0.905 318 61.8 842 198 8.59 15.1
C. elata B 220804  20.1 <0.905 218 404 636 175 <0.593 6.95
C. elata B 220907 39.1 <0.905 265 55.2 739 192 <0.593 9.94
C. sativa A 220705  20.1 <0.905 246 322 664 137 4.55 6.04
C. ativa A 220804  22.6 <0.905 342 51.8 833 183 54 16.2
C. sativa A 220907 329 <0.905 295 51.7 716 184 <0.593 11.5
C. sativa B 220705 235 <0.905 286 57.8 744 142 8.83 11.7
C. ativa B 220804 298 <0.905 341 50.6 851 200 4.65 14.9
C. sativa B 220907  29.8 <0.905 299 54.6 788 195 <0.593 12.9
Table S12.3: PFAS concentration in water continuing

Sample

date B- L- B- L- B-

(yymm PFHpS PFECHS PFNA PFNA FOSA PFOS PFOS PFDA
Unit /dd) (ng/L) (ng/L) (ng/L) (ng/L) (ng/L) (ng/L) (ng/L) (ng/L)
Inflow 220705  9.66 473 8.31 4.27 <0.704 138 101 <1.45
Inflow 220804  10.2 41.1 9.94 4.5 <0.704 150 973 <1.45
Inflow 220907  8.55 42.1 6.7 1.25 <0.704 118 76.8 <1.45
Control A 220708  6.64 30.9 4.68 2.23 <0.704 52.5 63.1 <1.45
Control A 220708  6.37 313 4.39 2.37 <0.704 499 59.8 <1.45
Control A 220804  8.74 34.1 7.78 3.09 <0.704 64.4 73.6 <1.45
Control A 220907  8.19 30.9 7.48 2.89 <0.704 58.4 68.5 <1.45
Control B 220705  5.06 31.9 4.17 2.9 <0.704 22.7 40.1 1.73
Control B 220804  8.81 36 5 3.48 <0.704 44.4 60.5 <1.45
Control B 220804  9.01 40 7.11 3.31 <0.704 47.5 67.4 <1.45
Control B 220907  8.35 31.6 4.82 3.13 <0.704 50.8 68.9 <1.45
Salix spp A 220705  5.77 28.6 3.51 2.09 <0.704 23.1 432 <1.45
Salix spp A 220804  9.93 36.1 6.16 3.7 <0.704 38.2 62.1 <1.45
Salix spp A 220907  9.15 359 4.31 3.53 <0.704 37.7 73.7 <1.45
Salix spp B 220705 49 29.7 4.07 3.02 <0.704 143 38.1 <1.45
Salixspp B 220804  8.07 335 4.25 3.09 <0.704 16.7 46.4 <1.45
Salix spp B 220907 9.68 44.2 3.04 1.74 <0.704 254 73.2 <1.45
C. elata A 220705  5.55 28.5 3.36 2.27 <0.704 30.7 47.7 <1.45
C. elata A 220804  9.54 37.6 6.76 3.88 <0.704 48.9 71.1 <1.45
C. elata A 220907  9.45 37.5 6.35 3.72 <0.704 49.7 76.1 <1.45
C. elata B 220705  8.23 43.1 4.51 3.08 <0.704 39.1 66.7 <1.45
C. elata B 220804  5.22 232 5.42 1.79 <0.704 30.8 33.8 <1.45
C. elata B 220907  7.27 344 2.82 1.57 <0.704 25.8 50.5 <1.45
C. sativa A 220705 4 24.6 2.55 1.07 <0.704 14.4 30.1 1.53
C. ativa A 220804 10 37.6 6.73 3.18 <0.704 54 69.9 <1.45
C. sativa A 220907  7.67 344 2.95 1.74 <0.704 36.2 50.9 <1.45
C. sativa B 220705  7.19 31 3.71 2.34 <0.704 34.6 51.7 <1.45
C. ativa B 220804  9.09 37 5.86 3.17 <0.704 483 63.2 <1.45
C. sativa B 220907  8.56 38.6 4.83 1.05 <0.704 422 62.5 <1.45

Table S12.4: PFAS concentration in water continuing

Sampl

e date 9CI- Me- Et-

(yy/m  8-2 FTSA PF30NS PFNS PFUnD  FOSAA FOSAA PFDS PFDoD
Unit m/dd) (ng/L) (ng/L) (ng/) A mg/L) (ng/L) (ng/L) (ng/L) A (ng/L)
Inflow 22070

5 <0.488 <0.0287 <0.131 <1.34 <0.243 1.05 <0.184 <l1.15
Inflow 22080

4 <0.488 <0.0287 <0.131 <1.34 <0.243 1.1 <0.184 <l1.15
Inflow 22090

7 <0.488 <0.0287 <0.131 <1.34 <0.243 <0.34 <0.184 <1.15




Control A 22070

8 <0.488 <0.0287 <0.131 <1.34 <0.243 <0.34 <0.184 <1.15
Control A 22070

8 <0.488 <0.0287 <0.131 <1.34 <0.243 <0.34 <0.184 <1.15
Control A 22080

4 <0.488 <0.0287 <0.131 <1.34 <0.243 <0.34 <0.184 <I.15
Control A 22090

7 <0.488 <0.0287 <0.131 <1.34 <0.243 <0.34 <0.184 <1.15
Control B 22070

5 <0.488 <0.0287 <0.131 <l1.34 <0.243 <0.34 <0.184 <1.15
Control B 22080

4 <0.488 <0.0287 <0.131 <1.34 <0.243 <0.34 <0.184 <I.15
Control B 22080

4 <0.488 <0.0287 <0.131 <1.34 <0.243 <0.34 <0.184 <1.15
Control B 22090

7 <0.488 <0.0287 <0.131 <1.34 <0.243 <0.34 <0.184 <1.15
Salix spp A 22070

5 <0.488 <0.0287 <0.131 <1.34 <0.243 <0.34 <0.184 <1.15
Salix spp A~ 22080

4 <0.488 <0.0287 <0.131 <1.34 <0.243 <0.34 <0.184 <I.15
Salix spp A 22090

7 <0.488 <0.0287 <0.131 <1.34 <0.243 <0.34 <0.184 <1.15
Salix spp B 22070

5 <0.488 <0.0287 <0.131 <1.34 <0.243 <0.34 <0.184 <1.15
Salix spp B 22080

4 <0.488 <0.0287 <0.131 <1.34 <0.243 <0.34 <0.184 <1.15
Salix spp B 22090

7 <0.488 <0.0287 <0.131 <1.34 <0.243 <0.34 <0.184 <I.15
C. elata 4 22070

5 <0.488 <0.0287 <0.131 <1.34 <0.243 <0.34 <0.184 <I.15
C. elata A 22080

4 <0.488 <0.0287 <0.131 <1.34 <0.243 <0.34 <0.184 <1.15
C. elata A 22090

7 <0.488 <0.0287 <0.131 <1.34 <0.243 <0.34 <0.184 <I.15
C. elata B 22070

5 <0.488 <0.0287 <0.131 <1.34 <0.243 <0.34 <0.184 <1.15
C. elata B 22080

4 <0.488 <0.0287 <0.131 <1.34 <0.243 <0.34 <0.184 <I.15
C. elata B 22090

7 <0.488 <0.0287 <0.131 <1.34 <0.243 <0.34 <0.184 <1.15
C. sativa A 22070

5 <0.488 <0.0287 <0.131 <1.34 <0.243 <0.34 <0.184 <1.15
C. ativa 4 22080

4 <0.488 <0.0287 <0.131 <1.34 <0.243 1.48 <0.184 <1.15
C. sativa A 22090

7 <0.488 <0.0287 <0.131 <1.34 <0.243 <0.34 <0.184 <1.15
C. sativa B 22070

5 <0.488 <0.0287 <0.131 <1.34 <0.243 <0.34 <0.184 <1.15
C. ativa B 22080

4 <0.488 <0.0287 <0.131 <1.34 <0.243 <0.34 <0.184 <I.15
C. sativa B 22090

7 <0.488 <0.0287 <0.131 <1.34 <0.243 <0.34 <0.184 <I.15




Table S12.5: PFAS concentration in water continuing

Sampl

e date 11Cl-

(yym  PF30UdS PFTriDA PFTeDA
Unit m/dd)  (ng/L) (ng/L) (ng/L)
Inflow 220705  <0.406 <1.84 <7.04
Inflow 220804 <0.406 <1.84 <7.04
Inflow 220907 <0.406 <1.84 <7.04
Control A 220708  <0.406 <1.84 <7.04
Control A 220708  <0.406 <1.84 <7.04
Control A 220804  <0.406 <1.84 <7.04
Control A 220907  <0.406 <1.84 <7.04
Control B 220705  <0.406 <1.84 <7.04
Control B 220804  <0.406 <1.84 <7.04
Control B 220804  <0.406 <1.84 <7.04
Control B 220907 <0.406 <1.84 <7.04
Salix spp A 220705 <0.406 <1.84 <7.04
Salix spp A 220804  <0.406 <1.84 <7.04
Salix spp A 220907  <0.406 <1.84 <7.04
Salixspp B 220705 <0.406 <1.84 <7.04
Salixspp B~ 220804 <0.406 <1.84 <7.04
Salix spp B 220907 <0.406 <1.84 <7.04
C. elata A 220705 <0.406 <1.84 <7.04
C. elata A 220804  <0.406 <1.84 <7.04
C. elata A 220907  <0.406 <1.84 <7.04
C. elata B 220705  <0.406 <1.84 <7.04
C. elata B 220804 <0.406 <1.84 <7.04
C. elata B 220907 <0.406 <1.84 <7.04
C. sativa A 220705 <0.406 <1.84 <7.04
C. ativa A 220804  <0.406 <1.84 <7.04
C. sativa A 220907  <0.406 <1.84 <7.04
C. sativa B 220705 <0.406 <1.84 <7.04
C. ativa B 220804  <0.406 <1.84 <7.04
C. sativa B 220907 <0.406 <1.84 <7.04

Table S13: Removal efficiency of the different wetland units (n=6) given in % + the standard error.

PFAS Salix spp C. elata C. sativa Control
PFBA 3+£24 -32+35 0.34+4.5 8.5+3.0
PFPeA -2.8+2.7 1.2+£27 0.77 +4.0 8.6+43
PFBS -0.11+3.5 6.1 +4.1 3.6+6.5 14+53
PFHxA 6.1£2.6 6.9+2.8 0.17 +£3.1 9.7+£2.9
PFPeS 8+4.2 12+3.6 83+53 13+1.9
L-PFHpA 87+24 14+29 8+25 12+3.1
B-PFHpA 33+8.1 15+84 16+4.4 19+10.8
L-PFHxS 16+3.9 19+43 16+5.1 15+3.4
B-PFHxS 14+44 16 +8.3 17+6.1 20+6.1




L-PFOA 23+£2.7 20+3.9 20+1.5 15+£3.7
B-PFOA 17+42 15£36 21£3.6 1243
L-PFHpS 37+8.6 36+ 6.8 35+6.6 32+7.9
B-PFHpS 15£10 19+6.0 18+7.3 19+8.6
PFECHS 20+6.8 22+52 21+5.1 24+52
L-PFNA 49+40 41£10 47+45 29+79
B-PFNA -15+36 -13+29 26+ 30 25+49
L-PFOS 80+ 3.4 72+4.5 72+3.7 63+3.1
B-PFOS 3611 36+£7.4 39+7.6 30£9.0
X PFAS 14+25 15+£2.5 13+2.5 15£2.6
Table S14.1: PFAS concentration in filter substrate after the experiment
4- HFPO-
Substrate | PFBA PFPeA PFBS PFHxA 2FTSA | DA PFPeS L-PFHpA
Unit type (ng/Kg) (ng/Kg) (ng/Kg) (ng/Kg) (ng/Kg) | (ng/Kg) | (ng/Kg) | (ng/Kg)
Salix
sppA | LECA <216 <158 <345 <567 <68.6 <126 90 <269
Salix
spp A LECA <216 <158 <345 <567 <68.6 <126 149 <269
Salix
spp A LECA <216 <158 <345 <567 <68.6 <126 141 <269
Salix Peat +
SPP A biochar 1440 1700 1010 2390 <68.6 <126 301 1530
Salix Peat +
SPP A biochar 1650 1740 1050 2120 <68.6 <126 378 1420
Salix Peat +
SPP A biochar 1240 1220 845 1490 <68.6 <126 376 1220
Salix
spp B LECA <216 <158 <345 <567 <68.6 <126 86.2 <269
Salix Peat +
spp B biochar 2060 1840 1650 3830 <68.6 <126 890 2520
C.
elata A | LECA <216 <158 360 <567 <68.6 <126 139 <269
C. Peat +
elata A | biochar | 2160 1940 1530 3060 <68.6 <126 880 2170
C.
elata B | LECA <216 <158 <345 <567 <68.6 <126 148 <269
C. Peat +
elata B | biochar 2330 1990 1530 2720 <68.6 <126 859 2330
C.
sativa
A LECA <216 <158 <345 <567 <68.6 <126 163 <269
C.
sativa Peat +
A biochar 2140 2010 1230 3940 <68.6 <126 669 2350




C.
sativa
B LECA <216 <158 <345 <567 <68.6 <126 147 <269
C.
sativa Peat +
B biochar 1960 1820 916 3100 <68.6 <126 421 1960
Control
A LECA <216 <158 346 <567 <68.6 <126 120 <269
Control | Peat +
A biochar 1450 1360 1150 2340 <68.6 <126 616 2080
Control
B LECA <216 <158 350 <567 <68.6 <126 190 <269
Control | Peat +
B biochar 1640 1650 1180 2570 <68.6 <126 636 1750
Table S14.2: PFAS concentration in filter substrate after the experiment
L- L- B- 6-2 L-
Substrate | B-PFHpA NaDONA PFHxS | B-PFHxS PFOA PFOA FTSA PFHpS

Unit type (ng/Kg) (ng/Kg) (ng/Kg) | (ng/Kg) (ng/Kg) | (ng/Kg) | (ng/Kg) | (ng/Kg)
Salix
spp A LECA <59.2 <24 701 <16.3 1300 <788 <14.2 443
Salix
spp A LECA <59.2 <24 993 119 1900 <788 <14.2 33.7
Salix
spp A LECA <59.2 <24 561 126 1800 <788 <14.2 <14.2
Salix Peat +
SPP A biochar <59.2 <24 2810 298 6740 <788 14.4 323
Salix Peat +
SPP A biochar 68.8 <24 3040 201 7710 873 <14.2 280
Salix Peat +
SPP A biochar <59.2 <24 2440 153 5780 <788 15.2 348
Salix
spp B LECA <59.2 <24 679 92.3 1990 <788 <14.2 449
Salix Peat +
spp B biochar <59.2 <24 6950 569 16700 1560 214 1040
C.
elata A | LECA <59.2 <24 926 111 2850 <788 <14.2 92.1
C. Peat +
elata A | biochar <59.2 <24 6810 <16.3 10600 1200 <14.2 1250
C.
elata B | LECA <59.2 <24 1010 88.5 2650 <788 <14.2 349
C. Peat +
elata B | biochar <59.2 <24 5440 465 11500 1430 <14.2 692
C.
sativa
A LECA <59.2 <24 845 120 2340 <788 <14.2 43
C.
sativa Peat +
A biochar <59.2 <24 5470 <16.3 11800 1290 22.6 1070
C.
sativa
B LECA <59.2 <24 963 127 2550 <788 <14.2 78.2




C.
sativa Peat +
B biochar <59.2 <24 2480 205 10200 1280 <14.2 366
Control
A LECA <59.2 <24 933 62.3 3130 <788 <14.2 97.2
Control | Peat +
A biochar <59.2 <24 4780 322 13800 1020 18.1 1540
Control
B LECA <59.2 <24 1250 155 4900 <788 <14.2 119
Control | Peat +
B biochar <59.2 <24 2480 205 10200 1280 <14.2 366
Table S14.3: PFAS concentration in filter substrate after the experiment
B-

Substrate | PFHpS PFECHS | L-PFNA | B-PFNA FOSA L-PFOS | B-PFOS | PFDA
Unit type (ng/Kg) | (ng/Kg) | (ng/Kg) | (ng/Kg) | (ng/Kg) (ng/Kg) | (ng/Kg) | (ng/Kg)
Salix
spp A LECA <63 98.3 <64.2 <36.9 <1.49 152 414 <39.3
Salix
spp A LECA <63 63.2 <64.2 <36.9 <1.49 218 364 <39.3
Salix
spp A LECA <63 48.6 <64.2 <36.9 <1.49 166 210 <39.3
Salix Peat +
SPP A biochar <63 338 172 38.2 16 3860 1540 147
Salix Peat +
SPP A biochar 76.9 336 235 47.8 1.88 3850 1700 93.7
Salix Peat +
SPP A biochar 110 427 164 <36.9 <1.49 3900 2250 198
Salix
spp B LECA <63 86 <64.2 <36.9 <1.49 199 313 <39.3
Salix Peat +
spp B biochar 267 987 479 143 8.84 14100 8270 96.3
C. elata
A LECA <63 140 <64.2 <36.9 <1.49 861 982 <39.3
C. elata | Peat +
A biochar 291 1080 573 151 40.4 22300 9310 257
C. elata
B LECA <63 72.6 <64.2 <36.9 <1.49 148 273 <39.3
C. elata | Peat +
B biochar 184 796 357 95.4 13.1 8710 4920 118
C.
sativa A | LECA <63 82 <64.2 <36.9 <1.49 308 328 <39.3
C. Peat +
sativa A | biochar 209 898 487 66.3 17.7 16300 6890 265
C.
sativa B | LECA <63 156 <64.2 <36.9 <1.49 629 885 <39.3
C. Peat +
sativa B | biochar 78.5 406 278 <36.9 12.4 10700 2410 141
Control
A LECA <63 158 <64.2 <36.9 <1.49 375 580 <39.3
Control | Peat +
A biochar 317 1230 743 141 8.89 26000 10100 679




Control
B LECA <63 212 <64.2 <36.9 <1.49 1200 1680 <39.3
Control | Peat +
B biochar | 78.5 406 278 <36.9 124 10700 | 2410 141
Table S14.4: PFAS concentration in filter substrate after the experiment
9CI- Me- Et-
Substrate | 8-2 FTSA PF30ONS | PFNS PFUnDA | FOSAA FOSAA PFDS PFDoDA
Unit type (ng/Kg) (ng/Kg) | (ng/Kg) | (ng/Kg) | (ng/Kg) | (ng/Kg) | (ng/Kg) | (ng/Kg)
Salix
spp A LECA <14.2 <69.6 <21.6 <243 <37.8 <21.6 <21.1 <12.8
Salix
spp A LECA <14.2 <69.6 <21.6 <243 <37.8 <21.6 <21.1 <12.8
Salix
spp A LECA <14.2 <69.6 <21.6 <243 <37.8 <21.6 <21.1 <12.8
Salix Peat +
SPP A biochar <14.2 <69.6 <21.6 <243 <37.8 <21.6 <21.1 <12.8
Salix Peat +
SPP A biochar <14.2 <69.6 <21.6 <243 <37.8 <21.6 <21.1 72.3
Salix Peat +
SPP A | biochar <14.2 <69.6 <21.6 27.9 <37.8 252 <21.1 31.1
Salix
spp B LECA <14.2 <69.6 <21.6 <24.3 <37.8 <21.6 <21.1 <12.8
Salix Peat +
spp B biochar <14.2 <69.6 <21.6 <24.3 <37.8 132 <21.1 18.7
C.
elata A | LECA <14.2 <69.6 <21.6 <24.3 <37.8 <21.6 <21.1 <12.8
C. Peat +
elata A | biochar <14.2 <69.6 <21.6 <24.3 <37.8 242 <21.1 38.1
C.
elata B | LECA <14.2 <69.6 <21.6 <24.3 <37.8 <21.6 <21.1 <12.8
C. Peat +
elata B | biochar <14.2 <69.6 <21.6 <24.3 <37.8 552 <21.1 222
C.
sativa
A LECA <14.2 <69.6 <21.6 <243 <37.8 <21.6 <21.1 <12.8
C.
sativa Peat +
A biochar 17.12001 <69.6 <21.6 <24.3 <37.8 164 <21.1 17.4
C.
sativa
B LECA <14.2 <69.6 <21.6 <24.3 <37.8 <21.6 <21.1 <12.8
C.
sativa Peat +
B biochar <14.2 <69.6 <21.6 <243 <37.8 55.8 <21.1 26.81
Control
A LECA <14.2 <69.6 <21.6 <243 <37.8 <21.6 <21.1 <12.8
Control | Peat +
A biochar 49.2 <69.6 <21.6 <24.3 <37.8 302 <21.1 51.7
Control
B LECA <14.2 <69.6 <21.6 <243 <37.8 <21.6 <21.1 <12.8
Control | Peat +
B biochar <14.2 <69.6 <21.6 <24.3 <37.8 55.8 <21.1 26.8




Table S14.5: PFAS concentration in filter substrate after the experiment

11CI-

Substrate PF30UdS | PFTriDA | PFTeDA
Unit type (ng/Kg) (ng/Kg) (ng/Kg)
Salix spp
A LECA <38.1 48.3 <309
Salix spp
A LECA <38.1 <18.7 <309
Salix spp
A LECA <38.1 35.8 <309
Salix Peat +
SPP A biochar <38.1 <18.7 <309
Salix Peat +
SPP A biochar <38.1 <18.7 <309
Salix Peat +
SPP A biochar <38.1 <18.7 <309
Salix spp
B LECA <38.1 <18.7 <309
Salix spp | Peat +
B biochar <38.1 <18.7 <309
C. elata
A LECA <38.1 <18.7 <309
C. elata Peat +
A biochar <38.1 <18.7 <309
C. elata
B LECA <38.1 <18.7 <309
C. elata Peat +
B biochar <38.1 <18.7 <309
C. sativa
A LECA <38.1 <18.7 <309
C. sativa | Peat +
A biochar <38.1 <18.7 <309
C. sativa
B LECA <38.1 <18.7 <309
C. sativa | Peat +
B biochar <38.1 <18.7 <309
Control
A LECA <38.1 <18.7 <309
Control | Peat +
A biochar <38.1 <18.7 <309
Control
B LECA <38.1 <18.7 <309
Control Peat +
B biochar <38.1 <18.7 <309

Table S15.1: PFAS concentration in plant samples

HFPO-
Plant Tissue PFBA PFPeA PFBS PFHxA 4-2FTSA | DA PFPeS
bed Species | type (ng/Kg) (ng/Kg) (ng/Kg) (ng/Kg) (ng/Kg) (ng/Kg) (ng/Kg)
Salix S.
spp A Loden Root <1060 <361 <360 <443 <13.3 <40.9 73.4
Salix S.
spp A Loden Stem <1060 <361 <360 <443 <13.3 <40.9 93.1




Salix S.

spp A Loden Twig <1060 <361 <360 <443 <13.3 <40.9 <30.2
Salix S.

spp A Loden Leaf 14800 62500 4410 5200 <13.3 <40.9 1620
Salix S.

spp A Wilhelm | Root <1060 <361 <360 <443 <13.3 <40.9 51.6
Salix S.

spp A Wilhelm | Root <1060 <361 <360 <443 <13.3 <40.9 43.8
Salix S.

spp A Wilhelm | Root <1060 <361 <360 <443 <13.3 <40.9 42.7
Salix S.

spp A Wilhelm | Root <1060 <361 376 <443 <13.3 <40.9 142
Salix S.

spp A Wilhelm | Root <1060 <361 <360 <443 <13.3 <40.9 141
Salix S.

spp A Wilhelm | Stem <1060 <361 <360 <443 <13.3 <40.9 70.4
Salix S.

spp A Wilhelm | Twig <1060 <361 <360 <443 <13.3 <40.9 48.7
Salix S.

spp A Wilhelm | Leaf 21600 10800 5940 8160 <13.3 <40.9 1830
Salix S.

spp A Wilhelm | Leaf 22700 11400 5750 7950 <13.3 <40.9 1530
Salix S.

spp A Wilhelm | Leaf 22000 10400 5060 7610 <13.3 <40.9 1840
Salix S.

spp A Wilhelm | Leaf 29300 10000 5430 4050 <13.3 <40.9 1420
Salix S.

spp B Loden Root <1060 <361 <360 <443 <13.3 <40.9 213
Salix S.

spp B Loden Stem <1060 <361 <360 <443 <13.3 <40.9 125
Salix S.

spp B Loden Stem <1060 <361 <360 <443 <13.3 <40.9 140
Salix S.

spp B Loden Stem <1060 <361 <360 <443 <13.3 <40.9 139
Salix S.

spp B Loden Stem 1860 <361 <360 <443 <13.3 <40.9 145
Salix S.

spp B Loden Stem <1060 <361 <360 <443 <13.3 <40.9 74.7
Salix S.

spp B Loden Twig <1060 <361 <360 <443 <13.3 <40.9 <30.2
Salix S.

spp B Loden Twig <1060 <361 <360 <443 <13.3 <40.9 <30.2
Salix S.

spp B Loden Twig <1060 <361 <360 <443 <13.3 <40.9 <30.2
Salix S.

spp B Loden Twig <1060 <361 <360 <443 <13.3 <40.9 <30.2
Salix S.

spp B Loden Twig 1930 <361 <360 <443 <13.3 <40.9 <30.2
Salix S.

spp B Loden Leaf 22500 70700 4430 8210 <13.3 <40.9 1410
Salix S.

spp B Wilhelm | Root <1060 <361 390 <443 <13.3 <40.9 221
Salix S.

spp B Wilhelm | Stem <1060 <361 <360 <443 <13.3 <40.9 97.5
Salix S.

spp B Wilhelm | Twig 1690 574 382 <443 <13.3 <40.9 153




Salix S.

spp B Wilhelm | Leaf 38400 17600 9560 9040 <13.3 <40.9 2130
C. elata

A C. elata | Root <1060 <361 <360 <443 <13.3 <40.9 69.1
C. elata

A C. elata | Root <1060 <361 <360 <443 <13.3 <40.9 81
C. elata

A C. elata | Root <1060 <361 <360 <443 <13.3 <40.9 83.9
C. elata

A C. elata | Root <1060 <361 <360 <443 <13.3 <40.9 117
C. elata

A C. elata | Root <1060 <361 <360 <443 <13.3 <40.9 117
C. elata

A C. elata | Shoot 8240 2030 <360 1050 <13.3 <40.9 138
C. elata

B C. elata | Root <1060 <361 <360 <443 <13.3 <40.9 64.4
C. elata

B C. elata | Shoot 12200 3660 626 2190 <13.3 <40.9 366
C. elata

B C. elata | Shoot 15300 4820 840 2990 <13.3 <40.9 516
C. elata

B C. elata | Shoot 13300 4330 781 3150 <13.3 <40.9 515
C. elata

B C. elata | Shoot 8080 1820 360 1500 <13.3 <40.9 186
C. elata

B C. elata | Shoot 17400 2340 <360 1090 <13.3 <40.9 240
C. C.

sativa A | sativa Root <1060 679 <360 854 <13.3 <40.9 218
C. C.

sativa A | sativa Root 1060 861 389 971 <13.3 <40.9 274
C. C.

sativa A | sativa Root <1060 510 <360 692 <13.3 <40.9 170
C. C.

sativa A | sativa Root <1060 <361 <360 548 <13.3 <40.9 166
C. C.

sativa A | sativa Root <1060 454 <360 666 <13.3 <40.9 171
C. C.

sativa A | sativa Stem 1290 823 <360 <443 <13.3 <40.9 66
C. C.

sativa A | sativa Stem 3220 942 <360 <443 <13.3 <40.9 88.4
C. C.

sativa A | sativa Stem 1210 878 <360 588 <13.3 <40.9 85.2
C. C.

sativa A | sativa Stem 1390 997 <360 <443 <13.3 <40.9 93.4
C. C.

sativa A | sativa Stem 3240 1290 <360 448 <13.3 <40.9 105
C. C. Stem

sativa A | sativa Dead <1060 1450 1180 2810 <13.3 <40.9 506
C. C.

sativa A | sativa Leaf <1060 14400 6410 16700 <13.3 <40.9 2900
C. C.

sativa A | sativa Leaf 19600 17800 7220 16000 <13.3 <40.9 3460
C. C.

sativa A | sativa Leaf 21100 16000 7200 17100 <13.3 <40.9 2990
C. C.

sativa A | sativa Leaf 16600 14900 5720 11900 <13.3 <40.9 2680




C. C.

sativa A | sativa Leaf 22200 19700 7540 17100 <13.3 <40.9 2700

C. C.

sativa B | sativa Root 1880 834 <360 1320 <13.3 <40.9 314

C. C. Root

sativa B | sativa Dead <1060 531 522 1150 <13.3 <40.9 390

C. C.

sativa B | sativa Stem 3550 1920 <360 1240 <13.3 <40.9 171

C. C. Stem

sativa B | sativa Dead 2560 3300 2510 10100 <13.3 <40.9 1220

C. C.

sativa B | sativa Leaf 50500 36100 20800 39000 <13.3 <40.9 7490
Table S15.2: PFAS concentration in plant samples continuing

Plant Tissue | L-PFHpA | B-PFHpA | NaDONA | L-PFHxS | B-PFHxS | L-PFOA B-PFOA

bed Species | type (ng/Kg) (ng/Kg) (ng/Kg) (ng/Kg) (ng/Kg) (ng/Kg) (ng/Kg)

Salix

spp A | S. Loden | Root <334 <10 <24 833 77.1 1610 <105

Salix

spp A | S. Loden | Stem <334 <10 <24 494 66.4 971 971

Salix

spp A | S. Loden | Twig <334 <10 <24 97.4 22.7 336 <105

Salix

spp A | S. Loden | Leaf 3170 <10 <24 6430 555 15800 1540

Salix S.

spp A Wilhelm | Root <334 <10 <24 840 73.2 1030 <105

Salix S.

spp A Wilhelm | Root <334 <10 <24 885 60.5 1030 <105

Salix S.

spp A Wilhelm | Root <334 <10 <24 860 59.7 933 <105

Salix S.

spp A Wilhelm | Root <334 <10 <24 1040 137 2170 <105

Salix S.

spp A Wilhelm | Root <334 <10 <24 1740 138 3940 <105

Salix S.

spp A Wilhelm | Stem <334 <10 <24 444 60.5 506 <105

Salix S.

spp A Wilhelm Twig <334 <10 <24 386 42.5 430 <105

Salix S.

spp A Wilhelm | Leaf 3400 <10 <24 7800 636 11200 1030

Salix S.

spp A Wilhelm | Leaf 2470 <10 <24 7580 556 10500 888

Salix S.

spp A Wilhelm | Leaf 2770 <10 <24 7220 600 10800 1040

Salix S.

spp A Wilhelm | Leaf 753 <10 <24 4830 559 5750 532

Salix

spp B | S. Loden | Root <334 <10 <24 2200 163 3780 110

Salix

spp B | S. Loden | Stem <334 <10 <24 732 73.3 1770 <105

Salix

spp B | S. Loden | Stem <334 <10 <24 732 61.6 1920 <105




spp B | S. Loden | Stem <334 <10 <24 709 86.9 1710 <105
Salix

spp B | S. Loden | Stem <334 <10 <24 711 110 1850 <105
Salix

spp B | S. Loden | Stem <334 <10 <24 343 60.5 832 <105
Salix

spp B | S. Loden | Twig <334 <10 <24 105 25.6 1010 <105
Salix

spp B | S. Loden | Twig <334 <10 <24 99.1 24 991 <105
Salix

spp B | S. Loden | Twig <334 <10 <24 143 21.2 898 <105
Salix

spp B | S. Loden | Twig <334 <10 <24 132 26.7 941 <105
Salix

spp B | S. Loden | Twig <334 <10 <24 102 22.6 <209 <105
Salix

spp B | S. Loden | Leaf 3540 <10 <24 6050 584 17000 1640
Salix S.

spp B | Wilhelm | Root <334 <10 <24 1630 149 3040 106
Salix S.

spp B Wilhelm | Stem <334 <10 <24 541 60.7 1010 <105
Salix S.

spp B Wilhelm | Twig <334 <10 <24 817 63.9 1120 <105
Salix S.

spp B Wilhelm | Leaf 1480 <10 <24 6780 546 9640 1110
C.

elata

A C. elata Root <334 <10 <24 1000 54.6 1500 <105
C.

elata

A C. elata Root <334 <10 <24 1140 <20.8 1470 <105
C.

elata

A C. elata Root <334 <10 <24 1250 <20.8 1640 <105
C.

elata

A C. elata Root <334 <10 <24 1500 114 2370 <105
C.

elata

A C. elata Root <334 <10 <24 1500 103 1530 <105
C.

elata

A C. elata Shoot <334 <10 <24 1380 157 3470 165
C.

elata

B C. elata Root <334 <10 <24 784 119 1110 <105
C.

elata

B C. elata Shoot 816 <10 <24 2570 258 5370 324
C.

elata

B C. elata Shoot 1290 <10 <24 3270 280 7170 308
C.

elata

B C. elata Shoot 1200 <10 <24 3190 293 7060 462




C. elata

Shoot

488

<10

<24

831

127

2060

<105

C. elata

Shoot

640

<10

<24

2100

129

6150

sativa

A4

C. sativa

Root

621

<10

<24

1780

187

5100

606

C.
sativa
A

C. sativa

Root

667

<10

<24

1700

177

7240

507

C.
sativa
A

C. sativa

Root

511

<10

<24

1260

113

4400

476

C.
sativa
A

C. sativa

Root

<334

<10

<24

954

110

2480

199

C.
sativa
A

C. sativa

Root

<334

<10

<24

1220

116

2440

203

C.
sativa
A

C. sativa

Stem

<334

<10

<24

222

749

<105

C.
sativa
A

C. sativa

Stem

<334

<10

<24

224

816

<105

C.
sativa
A

C. sativa

Stem

<334

<10

<24

261

705

<105

C.
sativa
A

C. sativa

Stem

<334

<10

<24

313

1040

<105

C.
sativa
A

C. sativa

Stem

<334

<10

<24

376

479

1170

<105

C.
sativa

A

C. sativa

Stem
Dead

2520

297

<24

2070

347

4180

1290

C.
sativa
A

C. sativa

Leaf

7920

680

<24

9210

790

35400

4560

C.
sativa
A

C. sativa

Leaf

8230

626

<24

11100

880

44600

4250

C.
sativa
A

C. sativa

Leaf

10900

<10

<24

8720

636

50200

<105

C.
sativa
A

C. sativa

Leaf

9160

<10

<24

9240

5760

38900

<105

C.
sativa
A

C. sativa

Leaf

10600

<10

<24

8810

5490

39600

2990

C.
sativa
B

C. sativa

Root

1170

11.7

<24

2720

228

5150

459




C.

sativa Root

B C. sativa | Dead 619 <10 <24 2570 291 4410 477

C.

sativa

B C. sativa | Stem 518 <10 <24 650 60.1 2750 126

C.

sativa Stem

B C. sativa | Dead 5930 430 <24 5020 845 12200 3080

C.

sativa

B C. sativa | Leaf 18400 982 <24 19900 1220 93600 <105
Table S15.3: PFAS concentration in plant samples continuing

Plant Tissue | 6-2 FTSA | L-PFHpS | B-PFHpS | PFECHS | L-PFNA B-PFNA | FOSA

bed Species type (ng/Kg) (ng/Kg) (ng/Kg) (ng/Kg) (ng/Kg) (ng/Kg) (ng/Kg)

Salix

spp A | S. Loden | Root <154 179 14.6 187 <368 <10 24

Salix

spp A | S. Loden | Stem <154 314 <10 48.2 <368 <10 <21

Salix

spp A | S. Loden | Twig <154 <11.6 <10 <26.4 <368 <10 <21

Salix

spp A | S. Loden | Leaf <154 294 77.8 541 <368 <10 <21

Salix S.

spp A Wilhelm | Root <154 229 29.3 192 <368 <10 55.5

Salix S.

spp A Wilhelm | Root <154 210 55.1 213 <368 <10 40.2

Salix S.

spp A Wilhelm | Root <154 215 20.2 194 <368 <10 249

Salix S.

spp A Wilhelm | Root <154 92.4 30.5 189 <368 <10 <21

Salix S.

spp A | Wilhelm | Root <154 354 91 345 <368 <10 40.4

Salix S.

spp A | Wilhelm | Stem <154 24.2 <10 57.6 <368 <10 <21

Salix S.

spp A Wilhelm | Twig <154 36.6 <10 61.7 <368 <10 <21

Salix S.

spp A | Wilhelm | Leaf <154 313 102 788 <368 <10 <21

Salix S.

spp A | Wilhelm | Leaf <154 308 110 616 <368 <10 <21

Salix S.

spp A | Wilhelm | Leaf <154 338 99 783 <368 <10 <21

Salix S.

spp A | Wilhelm | Leaf <154 193 33 640 <368 <10 <21

Salix

spp B | S. Loden | Root <154 291 53.5 316 <368 <10 <21

Salix

spp B | S. Loden | Stem <154 44.2 <10 61.6 <368 <10 <21

Salix

spp B | S. Loden | Stem <154 40.5 <10 85.5 <368 <10 <21




spp B | S. Loden | Stem <154 38.1 <10 80.4 <368 <10 <21
Salix

spp B | S. Loden | Stem <154 51.9 <10 89.7 <368 <10 <21
Salix

spp B | S. Loden | Stem <154 21.3 <10 45.4 <368 <10 <21
Salix

spp B | S. Loden | Twig <154 <11.6 <10 <26.4 <368 <10 <21
Salix

spp B | S. Loden | Twig <154 <11.6 <10 <26.4 <368 <10 <21
Salix

spp B | S. Loden | Twig <154 <11.6 <10 <26.4 <368 <10 <21
Salix

spp B | S. Loden | Twig <154 21.2 <10 <26.4 <368 <10 <21
Salix

spp B | S. Loden | Twig <154 <11.6 <10 <26.4 <368 <10 <21
Salix

spp B | S. Loden | Leaf <154 249 66.6 438 <368 <10 <21
Salix S.

spp B | Wilhelm | Root <154 211 46.1 271 <368 <10 <21
Salix S.

spp B | Wilhelm | Stem <154 18.8 <10 49.2 <368 <10 <21
Salix S.

spp B | Wilhelm | Twig <154 41.3 <10 88.2 <368 <10 <21
Salix S.

spp B | Wilhelm | Leaf <154 195 102 747 <368 <10 <21
C.

elata

A C. elata Root <154 209 34.9 127 <368 <10 107
C.

elata

A C. elata Root <154 200 31.8 125 <368 <10 72.2
C.

elata

A C. elata Root <154 216 25.7 140 <368 <10 108
C.

elata

A C. elata Root <154 326 48 186 <368 156 24.3
C.

elata

A C. elata Root <154 221 44.9 174 <368 61.3 <21
C.

elata

A C. elata Shoot | <154 100 20.8 71.5 <368 13.8 <21
C.

elata

B C. elata Root <154 117 23.5 104 <368 25 61.4
C.

elata

B C. elata Shoot | <154 138 39.8 120 <368 <10 <21
C.

elata

B C. elata Shoot | <154 201 36 150 <368 <10 <21
C.

elata

B C. elata Shoot | <154 162 38 138 <368 <10 <21




C. elata

Shoot

<154

34.6

<10

60.7

<368

<10

47.1

C. elata

Shoot

<154

114

87.1

<368

<10

244

sativa

A

C. sativa

Root

<154

210

274

<368

<21

C.
sativa
A

C. sativa

Root

<154

278

289

<368

49.9

23.8

C.
sativa
A

C. sativa

Root

<154

155

243

<368

<21

C.
sativa

A

C. sativa

Root

<154

114

34

193

<368

<10

22.7

C.
sativa
A

C. sativa

Root

<154

120

169

<368

232

C.
sativa
A

C. sativa

Stem

<154

<10

<368

<10

<21

C.
sativa
A

C. sativa

Stem

<154

40.6

<10

34.2

<368

<10

<21

C.
sativa
A

C. sativa

Stem

<154

24.3

<10

30.3

<368

<10

<21

C.
sativa
A

C. sativa

Stem

<154

<10

<368

<10

<21

C.
sativa
A

C. sativa

Stem

<154

<10

49.1

<368

<10

<21

C.
sativa

A

C. sativa

Stem
Dead

<154

32.9

24.2

173

<368

<10

<21

C.
sativa
A

C. sativa

Leaf

<154

<11.6

<10

<26.4

<368

<10

229

C.
sativa
A

C. sativa

Leaf

<154

<11.6

<10

<26.4

<368

<10

<21

C.
sativa
A

C. sativa

Leaf

<154

<11.6

<10

<26.4

<368

<10

<21

C.
sativa
A

C. sativa

Leaf

<154

<11.6

<10

<26.4

<368

<10

<21

C.
sativa
A

C. sativa

Leaf

<154

<11.6

<10

<26.4

<368

<10

<21

C.
sativa
B

C. sativa

Root

<154

213

292

<368

<10

48




C.

sativa Root

B C.sativa | Dead | <154 244 88.9 483 <368 <10 314

C.

sativa

B C. sativa | Stem <154 62.2 <10 75.4 <368 <10 <21

C.

sativa Stem

B C.sativa | Dead | <154 121 98.4 517 <368 <10 28.1

C.

sativa

B C.sativa | Leaf <154 <11.6 <10 <26.4 <368 <10 36.5
Table S15.4: PFAS concentration in plant samples continuing

8-2 9CI-

Plant Tissue | L-PFOS | B-PFOS | PFDA FTSA PF30NS | PFNS PFUnDA

bed Species type (ng/Kg) (ng/Kg) (ng/Kg) (ng/Kg) (ng/Kg) (ng/Kg) (ng/Kg)

Salix

spp A S. Loden | Root 4610 1420 <246 <10.1 <20.9 <21.6 <122

Salix

spp A S. Loden | Stem 525 250 <246 <10.1 <20.9 <21.6 <122

Salix

spp A S. Loden Twig 187 126 <246 <10.1 <20.9 <21.6 <122

Salix

spp A S. Loden Leaf 2000 1170 <246 <10.1 <20.9 <21.6 <122

Salix S.

spp A Wilhelm Root 5510 1900 <246 <10.1 <20.9 <21.6 <122

Salix S.

spp A Wilhelm Root 6170 1940 <246 <10.1 <20.9 <21.6 <122

Salix S.

spp A Wilhelm Root 5720 1840 <246 <10.1 <20.9 <21.6 <122

Salix S.

spp A Wilhelm Root 963 1070 <246 <10.1 <20.9 <21.6 <122

Salix S.

spp A Wilhelm Root 3980 3370 <246 <10.1 <20.9 <21.6 <122

Salix S.

spp A Wilhelm Stem 215 204 <246 <10.1 <20.9 <21.6 <122

Salix S.

spp A Wilhelm Twig 292 322 <246 <10.1 <20.9 <21.6 <122

Salix S.

spp A Wilhelm Leaf 1090 1550 <246 <10.1 <20.9 <21.6 <122

Salix S.

spp A Wilhelm Leaf 1040 1220 <246 <10.1 <20.9 <21.6 <122

Salix S.

spp A Wilhelm Leaf 1040 1400 <246 <10.1 <20.9 <21.6 <122

Salix S.

spp A Wilhelm Leaf 184 637 <246 <10.1 <20.9 <21.6 <122

Salix

spp B | S. Loden | Root 4180 2650 <246 <10.1 <20.9 <21.6 <122

Salix

spp B | S. Loden | Stem 443 324 <246 <10.1 <20.9 <21.6 <122

Salix

spp B | S. Loden | Stem 523 293 <246 <10.1 <209 <21.6 <122




Salix

spp B S. Loden | Stem 495 296 <246 <10.1 <20.9 <21.6 <122
Salix

spp B S. Loden | Stem 427 278 <246 <10.1 <20.9 <21.6 <122
Salix

spp B S. Loden | Stem 192 128 <246 <10.1 <20.9 <21.6 <122
Salix

spp B S. Loden Twig 297 122 <246 <10.1 <20.9 <21.6 <122
Salix

spp B S. Loden Twig 311 129 <246 <10.1 <20.9 <21.6 <122
Salix

spp B S. Loden Twig 324 132 <246 <10.1 <20.9 <21.6 <122
Salix

spp B S. Loden Twig 363 158 <246 <10.1 <20.9 <21.6 <122
Salix

spp B S. Loden Twig <180 82.6 <246 <10.1 <20.9 <21.6 <122
Salix

spp B S. Loden | Leaf 1510 930 <246 <10.1 <20.9 <21.6 <122
Salix S.

spp B Wilhelm Root 2450 1860 <246 <10.1 <20.9 <21.6 <122
Salix S.

spp B Wilhelm Stem 181 199 <246 <10.1 <20.9 <21.6 <122
Salix S.

spp B Wilhelm Twig 244 300 <246 <10.1 <20.9 <21.6 <122
Salix S.

spp B Wilhelm Leaf 351 775 <246 <10.1 <20.9 <21.6 <122
C.

elata A | C. elata Root 3880 1120 <246 <10.1 <20.9 <21.6 <122
C.

elata A | C. elata Root 4810 1130 <246 <10.1 <20.9 <21.6 <122
C.

elata A | C. elata Root 4230 1100 <246 <10.1 <20.9 <21.6 140
C.

elata A | C. elata Root 5020 1870 <246 <10.1 <20.9 <21.6 <122
C.

elata A | C. elata Root 2450 1060 <246 <10.1 <20.9 <21.6 <122
C.

elata A | C. elata Shoot 853 405 <246 <10.1 <20.9 <21.6 <122
C.

elata B | C. elata Root 1300 653 <246 <10.1 <20.9 <21.6 <122
C.

elata B | C. elata Shoot 890 399 <246 <10.1 <20.9 <21.6 <122
C.

elata B | C. elata Shoot 1120 540 <246 <10.1 <20.9 <21.6 <122
C.

elata B | C. elata Shoot 1040 450 <246 <10.1 <20.9 <21.6 <122
C.

elata B | C. elata Shoot 264 172 <246 <10.1 <20.9 <21.6 <122
C.

elata B | C. elata Shoot 515 233 <246 <10.1 <20.9 <21.6 <122
C.

sativa

A C. sativa | Root 2100 1410 <246 <10.1 <20.9 <21.6 <122
C.

sativa

A C. sativa | Root 2170 1360 <246 <10.1 <20.9 <21.6 <122




C.
sativa
A

C. sativa

Root

1740

1010

<246

<10.1

<20.9

<21.6

<122

C.
sativa
A

C. sativa

Root

1490

687

<246

<10.1

<20.9

<21.6

<122

C.
sativa

A4

C. sativa

Root

859

618

<246

<10.1

<20.9

<21.6

<122

C.
sativa
A

C. sativa

Stem

482

161

<246

<10.1

<20.9

<21.6

<122

C.
sativa
A

C. sativa

Stem

548

179

<246

<10.1

<20.9

<21.6

<122

C.
sativa
A

C. sativa

Stem

539

151

<246

<10.1

<20.9

<21.6

<122

C.
sativa
A

C. sativa

Stem

477

132

<246

<10.1

<20.9

<21.6

<122

C.
sativa
A

C. sativa

Stem

578

278

<246

<10.1

<20.9

<21.6

<122

C.
sativa
A

C. sativa

Stem
Dead

<180

<246

<10.1

<20.9

<21.6

<122

C.
sativa
A

C. sativa

Leaf

<180

<36.7

<246

<10.1

<20.9

<21.6

<122

C.
sativa
A

C. sativa

Leaf

<180

<36.7

<246

<10.1

<20.9

<21.6

<122

C.
sativa
A

C. sativa

Leaf

<180

<36.7

<246

<10.1

<20.9

<21.6

<122

C.
sativa

A

C. sativa

Leaf

<180

<36.7

<246

<10.1

<20.9

<21.6

<122

C.
sativa
A

C. sativa

Leaf

<180

<36.7

<246

<10.1

<20.9

<21.6

<122

C.
sativa
B

C. sativa

Root

4820

953

261

<10.1

<20.9

<21.6

125

C.
sativa
B

C. sativa

Root
Dead

1510

1990

<246

<10.1

<20.9

<21.6

<122

C.
sativa
B

C. sativa

Stem

1630

352

<246

<10.1

<20.9

<21.6

<122

C.
sativa
B

C. sativa

Stem
Dead

619

493

<246

<10.1

<20.9

<21.6

<122

C.
sativa
B

C. sativa

Leaf

<180

<36.7

<246

<10.1

<20.9

<21.6

<122




Table S15.5: PFAS concentration in plant samples continuing

Me- Et- 11Cl-
Plant Tissue | FOSAA FOSAA PFDS PFDoDA | PF30UdS | PFTriDA | PFTeDA
bed Species type (ng/Kg) (ng/Kg) (ng/Kg) (ng/Kg) (ng/Kg) (ng/Kg) (ng/Kg)
Salix
spp A S. Loden | Root <30 <29.2 <21.5 <417 <26.9 <23700 <58700
Salix
spp A S. Loden | Stem <30 <29.2 <21.5 <417 <26.9 <23700 <58700
Salix
spp A S. Loden Twig <30 <29.2 <21.5 <417 <26.9 <23700 <58700
Salix
spp A S. Loden | Leaf <30 <29.2 <21.5 <417 <26.9 <23700 <58700
Salix S.
spp A Wilhelm Root <30 <29.2 <21.5 <417 <26.9 <23700 <58700
Salix S.
spp A Wilhelm Root <30 81.8 <21.5 <417 <26.9 <23700 <58700
Salix S.
spp A Wilhelm Root <30 <29.2 <21.5 <417 <26.9 <23700 <58700
Salix S.
spp A Wilhelm Root <30 <29.2 <21.5 <417 <26.9 <23700 <58700
Salix S.
spp A Wilhelm Root <30 <29.2 <21.5 <417 <26.9 <23700 <58700
Salix S.
spp A Wilhelm Stem <30 <29.2 <21.5 <417 <26.9 <23700 <58700
Salix S.
spp A Wilhelm Twig <30 <29.2 <21.5 <417 <26.9 <23700 <58700
Salix S.
spp A Wilhelm Leaf <30 <29.2 <21.5 <417 <26.9 <23700 <58700
Salix S.
spp A Wilhelm Leaf <30 <29.2 <21.5 <417 <26.9 <23700 <58700
Salix S.
spp A Wilhelm Leaf <30 <29.2 <21.5 <417 <26.9 <23700 <58700
Salix S.
spp A Wilhelm Leaf <30 <29.2 <21.5 <417 <26.9 <23700 <58700
Salix
spp B S. Loden | Root <30 <29.2 <21.5 <417 <26.9 <23700 <58700
Salix
spp B S. Loden | Stem <30 <29.2 <21.5 <417 <26.9 <23700 <58700
Salix
spp B S. Loden | Stem <30 <29.2 <21.5 <417 <26.9 <23700 <58700
Salix
spp B S. Loden | Stem <30 <29.2 <21.5 <417 <26.9 <23700 <58700
Salix
spp B S. Loden | Stem <30 <29.2 <21.5 <417 <26.9 <23700 <58700
Salix
spp B S. Loden | Stem <30 <29.2 <21.5 <417 <26.9 <23700 <58700
Salix
spp B S. Loden Twig <30 <29.2 <21.5 <417 <26.9 <23700 <58700
Salix
spp B S. Loden Twig <30 <29.2 <21.5 <417 <26.9 <23700 <58700
Salix
spp B S. Loden Twig <30 <29.2 <21.5 <417 <26.9 <23700 <58700
Salix
spp B S. Loden Twig <30 <29.2 <21.5 <417 <26.9 <23700 <58700




Salix

spp B S. Loden Twig <30 <29.2 <21.5 <417 <26.9 <23700 <58700
Salix

spp B S. Loden Leaf <30 <29.2 <21.5 <417 <26.9 <23700 <58700
Salix S.

spp B Wilhelm Root <30 <29.2 <21.5 <417 <26.9 <23700 <58700
Salix S.

spp B Wilhelm Stem <30 <29.2 <21.5 <417 <26.9 <23700 <58700
Salix S.

spp B Wilhelm Twig <30 <29.2 <21.5 <417 <26.9 <23700 <58700
Salix S.

spp B Wilhelm Leaf <30 <29.2 <21.5 <417 <26.9 <23700 <58700
C.

elata A | C. elata Root <30 <29.2 <21.5 <417 <26.9 <23700 <58700
C.

elata A | C. elata Root <30 <29.2 <21.5 <417 <26.9 <23700 <58700
C.

elata A | C. elata Root <30 29.7 <21.5 <417 <26.9 <23700 <58700
C.

elata A | C. elata Root <30 <29.2 <21.5 <417 <26.9 <23700 <58700
C.

elata A | C. elata Root <30 <29.2 <21.5 <417 <26.9 <23700 <58700
C.

elata A | C. elata Shoot <30 <29.2 <21.5 <417 <26.9 <23700 <58700
C.

elata B | C. elata Root <30 <29.2 <21.5 <417 <26.9 <23700 <58700
C.

elata B | C. elata Shoot <30 <29.2 <21.5 <417 <26.9 <23700 <58700
C.

elata B | C. elata Shoot <30 <29.2 <21.5 <417 <26.9 <23700 <58700
C.

elata B | C. elata Shoot <30 <29.2 <21.5 <417 <26.9 <23700 <58700
C.

elata B | C. elata Shoot <30 <29.2 <21.5 <417 <26.9 <23700 <58700
C.

elata B | C. elata Shoot <30 <29.2 <21.5 <417 <26.9 <23700 <58700
C.

sativa

A C. sativa | Root <30 <29.2 <21.5 <417 <26.9 <23700 <58700
C.

sativa

A C. sativa | Root <30 <29.2 <21.5 <417 <26.9 <23700 <58700
C.

sativa

A C. sativa Root <30 <29.2 <21.5 <417 <26.9 <23700 <58700
C.

sativa

A C. sativa | Root <30 <29.2 <21.5 <417 <26.9 <23700 <58700
C.

sativa

A C. sativa | Root <30 <29.2 <21.5 <417 <26.9 <23700 <58700
C.

sativa

A C. sativa | Stem <30 <29.2 <21.5 <417 <26.9 <23700 <58700
C.

sativa

A C. sativa | Stem <30 <29.2 <21.5 <417 <26.9 <23700 <58700




C.
sativa
A C. sativa

Stem

<30 <29.2

<21.5 <417 <26.9

<23700 <58700

C.
sativa
A C. sativa

Stem

<30 <29.2

<21.5 <417 <26.9

<23700 <58700

C.
sativa
A C. sativa

Stem

<30 <29.2

<21.5 <417 <26.9

<23700 <58700

C.
sativa
A C. sativa

Stem
Dead

<30 <29.2

<21.5 <417 <26.9

<23700 <58700

C.
sativa
A C. sativa

Leaf

<30 <29.2

<21.5 <417 <26.9

<23700 <58700

C.
sativa
A C. sativa

Leaf

<30 <29.2

<21.5 <417 <26.9

<23700 <58700

C.
sativa
A C. sativa

Leaf

<30 <29.2

<21.5 <417 <26.9

<23700 <58700

C.
sativa
A C. sativa

Leaf

<30 <29.2

<21.5 <417 <26.9

<23700 <58700

C.
sativa
A C. sativa

Leaf

<30 <29.2

<21.5 <417 <26.9

<23700 <58700

C.
sativa
B C. sativa

Root

<30 <29.2

<21.5 <417 <26.9

<23700 <58700

C.
sativa
B C. sativa

Root
Dead

<30 <29.2

<21.5 <417 <26.9

<23700 <58700

C.
sativa
B C. sativa

Stem

<30 <29.2

<21.5 <417 <26.9

<23700 <58700

C.
sativa
B C. sativa

Stem
Dead

<30 <29.2

<21.5 <417 <26.9

<23700 <58700

C.
sativa
B C. sativa

Leaf

<30 <29.2

<21.5 <417 <26.9

<23700 <58700

Table S16: Estimated treatment potential for C. elata for each PFAS compound in the study. Calculated
from above-ground PFAS concentrations derived in this study, combined with literature values on
expected above-ground biomass yields.

PFAS concentration Tonnes of biomass (stem, Removal mg XPFAS dw/ha
(ng/Kg dw) means + twigs, leaves) dw/ha yr yr

Compound standard error (range) means (range)

PFBA 10600 + 2390 (8240-13000) | 6-8 tonne 76.8 +27.4 (49.4-104)

PFPeA 2420 + 387 (2030-2810) 6-8 tonne 17.3£5.1 (12.2-22.5)

PFBS 215 £ 215 (0-430) 6-8 tonne 1.72 £ 1.72 (0-3.44)

PFHxA 1420 + 369 (1050-1790) 6-8 tonne 10.3 +4.01 (6.31-14.3)

4-2 FTSA <13.3 6-8 tonne -

HFPO-DA <40.9 6-8 tonne -




PFPeS 218 +79.5 (138-297) 6-8 tonne 1.60 £ 0.774 (0.829-2.38)

PFHpA-Linear 372 + 372 (0-744) 6-8 tonne 2.97 +£2.97 (0-5.95)

PFHpA-Branched <10.0 6-8 tonne -

NaDONA <24.0 6-8 tonne -

PFHxS-Linear 1680 + 303 (1370-1980) 6-8 tonne 12.05 +3.80 (8.25-15.9)

PFHxS-Branched 167 +10.4 (157-178) 6-8 tonne 1.18 +0.240 (0.941-1.42)

PFOA-Linear 4190 + 725 (3470-4920) 6-8 tonne 30.1 +9.26 (20.8-39.3)

PFOA-Branched 212 +47.3 (165-259) 6-8 tonne 1.53 £ 0.543 (0.990-2.07)

6-2 FTSA <154 6-8 tonne -

PFHpS-Linear 103 +2.42 (100-105) 6-8 tonne 0.772 +0.120 (0.603-0.842)
0.155 +0.0308 (0.125-

PFHpS-Branched 22.0 +1.26 (20.8-23.2) 6-8 tonne 0.186)

PFECHS 83.0 + 11.5(71.5-94.5) 6-8 tonne 0.592 + 0.164 (0.429-0.756)

PFNA-Linear <368 6-8 tonne -

PFNA-Branched 6.91 + 6.91 (0-13.8) 6-8 tonne 0.0553 + 0.0553 (0-0.111)

FOSA 13.7 +£13.7 (0-27.3) 6-8 tonne 0.109 +0.109 (0-0.219)

PFOS-Linear 725 + 127 (598-853) 6-8 tonne 1.62 + 1.62 (3.59-6.82)

PFOS-Branched 347 + 57.8 (289-405) 6-8 tonne 0.752 + 0.752 (1.74-3.24)

PFDA <246 6-8 tonne -

8-2 FTSA <10.1 6-8 tonne -

9CI-PF30ONS <20.9 6-8 tonne -

PFNS <21.6 6-8 tonne -

PFUnDA <122 6-8 tonne -

Me-FOSAA <30.0 6-8 tonne -

Et-FOSAA <29.2 6-8 tonne -

PFDS <21.5 6-8 tonne -

PFDoDA <417 6-8 tonne -

11CI-PF30UdS <26.9 6-8 tonne -

PFTriDA <23700 6-8 tonne -

PFTeDA <58700 6-8 tonne -

Table S17 Estimated treatment potential for C. sativa for each PFAS compound in the study. Calculated
from above-ground PFAS concentrations derived in this study, combined with literature values on
expected above-ground biomass yields.

PFAS concentration
(ng/Kg dw) means (range)

Tonnes of biomass (stem,
twigs, leaves) dw/ha yr

Removal mg XPFAS dw/ha
yr

Compound means (range)

PFBA 9120 + 4740 (4380-13860) 12-22 tonne 179 + 126 (52.6-305)
PFPeA 6370 + 3050 (3330-9420) 12-22 tonne 124 + 83.6 (40.0-207)
PFBS 2760 + 1800 (970-4560) 12-22 tonne 56.0 +44.4 (11.6-100)
PFHxA 5850 + 3660 (2180-9510) 12-22 tonne 118 +91.5 (26.2-209)
4-2FTSA <13.3 12-22 tonne -

HFPO-DA <40.9 12-22 tonne -

PFPeS 1130 + 646 (486-1780) 12-22 tonne 22.5+16.6 (5.83-39.1)
PFHpA-Linnear 2900 + 1530 (1380-4430) 12-22 tonne 57.0 £40.5 (16.5-97.5)
PFHpA-Branched 118+ 97.0 (21.4-215) 12-22 tonne 2.50 +2.24 (0.26-4.74)
NaDONA <24.0 12-22 tonne -

PFHxS-Linnear 3230 + 1640 (1590-4870) 12-22 tonne 63.1 +44.0 (19.1-107)
PFHxS-Branched 463 + 147 (316-610) 12-22 tonne 8.60 = 4.81 (3.79-13.4)
PFOA-Linnear 14700 + 8000 (6680-22700) 12-22 tonne 290 + 209 (80.2-499)
PFOA-Branched 193 + 94.2 (98.3-287) 12-22 tonne 3.74 £2.56 (1.18-6.31)
6-2 FTSA <154 12-22 tonne -

PFHpS-Linnear 38.3 +10.3 (28.0-48.6) 12-22 tonne 0.702 + 0.366 (0.337-1.07)
PFHpS-Branched <10.0 12-22 tonne -

PFECHS 45.9 + 13.0 (32.9-58.8) 12-22 tonne 0.845 + 0.450 (0.395-1.29)
PFNA-Linnear <368 12-22 tonne -

PFNA-Branched <10.0 12-22 tonne -




FOSA 4.00 +4.00 (0-8.00) 12-22 tonne 0.0880 + 0.0880 (0-0.176)
PFOS-Linnear 863 + 412 (451-1280) 12-22 tonne 16.7 £ 11.3 (5.41-28.0)
PFOS-Branched 219 + 56.0 (164-275) 12-22 tonne 4.01 +2.04 (1.96-6.05)
PFDA <246 12-22 tonne -

8-2 FTSA <10.1 12-22 tonne -

9CI-PF3ONS <20.9 12-22 tonne -

PFNS <21.6 12-22 tonne -

PFUnDA <122 12-22 tonne -

Me-FOSAA <30.0 12-22 tonne -

Et-FOSAA <29.2 12-22 tonne -

PFDS <214 12-22 tonne -

PFDoDA <417 12-22 tonne -

11CI-PF30UdS <26.9 12-22 tonne -

PFTriDA 23700 12-22 tonne -

PFTeDA <58700 12-22 tonne -

Table S18: Estimated treatment potential for S. Wilhelm for each PFAS compound in the study.
Calculated from above-ground PFAS concentrations derived in this study, combined with
literature values on expected above-ground biomass yields. Biomass yields for the different Salix
clones were taken from mean Salix production data and adjusted for biomass differences seen in

the experiment.

PFAS concentration Tonnes of biomass (stem, Removal mg XPFAS dw/ha
(ng/Kg dw) means (range) twigs, leaves) dw/ha yr yr
Compound means (range)
PFBA 5100 + 733 (4370-5830) 13-30 tonne 116 + 59.1 (56.8-175)
PFPeA 2200 + 420 (1770-2620) 13-30 tonne 50.8 +27.8 (23.1-78.6)
PFBS 1190 + 254 (935-1440) 13-30 tonne 27.7+£15.6 (12.1-43.3)
PFHxA 1150 + 133 (1010-1280) 13-30 tonne 25.8 +12.6 (13.2-38.4)
4-2FTSA <13.3 13-30 tonne -
HFPO-DA <40.9 13-30 tonne -
PFPeS 360 + 38.9 (321-399) 13-30 tonne 8.07 +3.90 (4.17-12.0)
PFHpA-Linnear 259 + 49.5 (209-308) 13-30 tonne 5.99 +3.26 (2.73-9.25)
PFHpA-Branched <10.0 13-30 tonne -
NaDONA <24.0 13-30 tonne -
PFHXxS-Linnear 1450 +41.8 (1410-1490) 13-30 tonne 31.5+13.2 (18.3-44.6)
PFHxS-Branched 137 + 7.03 (130-144) 13-30 tonne 3.01 +1.32 (1.69-4.33)
PFOA-Linnear 2030 + 223 (1810-2260) 13-30 tonne 45.6 +22.1 (23.5-67.7)
PFOA-Branched 143 + 14.3 (129-157) 13-30 tonne 3.20 +1.52 (1.68-4.72)
6-2 FTSA <0.154 13-30 tonne -
PFHpS-Linnear 57.7 +8.71 (49.0-66.4) 13-30 tonne 1.32 £ 0.678 (0.637-1.99)
PFHpS-Branched 15.4 £ 0.864 (145-16.2) 13-30 tonne 0.338 + 0.149 (0.189-0.487)
PFECHS 161 + 3.96 (157-165) 13-30 tonne 3.49 +1.45 (2.04-4.95)
PFNA-Linnear <368 13-30 tonne -
PFNA-Branched <10.0 13-30 tonne -
FOSA <21.0 13-30 tonne -
PFOS-Linnear 260 +41.1(219-302) 13-30 tonne 5.95 £3.10 (2.85-9.05)
PFOS-Branched 336 +£32.5 (304-369) 13-30 tonne 7.51 £3.56 (3.95-11.1)
PFDA <246 13-30 tonne -
8-2 FTSA <10.1 13-30 tonne -
9CI-PF30ONS 20.9 13-30 tonne -
PFNS <21.6 13-30 tonne -
PFUnDA <122 13-30 tonne -
Me-FOSAA <30.0 13-30 tonne -
Et-FOSAA <29.2 13-30 tonne -
PFDS <21.5 13-30 tonne -
PFDoDA <417 13-30 tonne -




11CI-PF30UdS <26.9 13-30 tonne -
PFTriDA <23700 13-30 tonne -
PFTeDA <58700 13-30 tonne -

Table S19: Estimated treatment potential for S. Loden for each PFAS compound in the study.
Calculated from above-ground PFAS concentrations derived in this study combined with
literature values on expected above-ground biomass yields. Biomass yields for the different Salix
clones were taken from mean Salix production data and adjusted for biomass differences seen in

the experiment.

PFAS concentration
(ng/Kg dw) means (range)

Tonnes biomass (stem,
twigs, leaves) dw/ha yr

Removal mg XPFAS dw/ha
yr

Compound means (range)

PFBA 37000 + 910 (2790-4610) 10-23 tonne 66.9 +39.0 (27.9-106)
13100 + 1360 (11800-

PFPeA 14500) 10-23 tonne 225+ 108 (118-333)

PFBS 868 + 39.9 (828-908) 10-23 tonne 14.6 + 6.3 (8.28-20.9)

PFHxA 1330 + 352 (978-1680) 10-23 tonne 24.2 + 14.5 (9.78-38.7)

4-2FTSA <13.3 10-23 tonne -

HFPO-DA <40.9 10-23 tonne -

PFPeS 361 + 0.669 (360-362) 10-23 tonne 5.96 +2.36 (3.60-8.31)

PFHpA-Linnear 661 + 65.5 (596-726) 10-23 tonne 11.3 £5.37 (5.95-16.7)

PFHpA-Branched <10.0 10-23 tonne -

NaDONA <24.0 10-23 tonne -

PFHxS-Linnear 1570 +46.3 (1530-1620) 10-23 tonne 26.3 +11.0 (15.3-37.3)

PFHxS-Branched 161 + 12.2 (149-174) 10-23 tonne 2.74 +1.25 (1.49-3.99)

PFOA-Linnear 4080 + 442 (3630-4520) 10-23 tonne 70.1 £ 33.8 (36.3-104)

PFOA-Branched 606 + 269 (337-875) 10-23 tonne 11.8 + 8.38 (3.37-20.1)

6-2 FTSA <154 10-23 tonne -

PFHpS-Linnear 74.1 +£ 0.0975 (74.0-74.2) 10-23 tonne 1.22 +0.483 (0.740-1.71)

PFHpS-Branched 14.1 £ 0.484 (13.7-14.6) 10-23 tonne 0.236 +0.100 (0.137-0.336)

PFECHS 132 £0.749 (131-132) 10-23 tonne 2.18 £ 0.867 (1.31-3.04)

PFNA-Linnear <368 10-23 tonne -

PFNA-Branched <10.0 10-23 tonne -

FOSA <21.0 10-23 tonne -

PFOS-Linnear 656 + 75.6 (580-731) 10-23 tonne 11.3 £5.51 (5.80-16.8)

PFOS-Branched 377 +£20.0 (357-397) 10-23 tonne 6.35+2.78 (3.57-9.13)

PFDA <246 10-23 tonne -

8-2 FTSA <10.1 10-23 tonne -

9CI-PF30ONS <20.9 10-23 tonne -

PFNS <21.6 10-23 tonne -

PFUnDA <122 10-23 tonne -

Me-FOSAA <30.0 10-23 tonne -

Et-FOSAA <29.2 10-23 tonne -

PFDS <214 10-23 tonne -

PFDoDA <41.7 10-23 tonne -

11CI-PF30UdS <26.9 10-23 tonne -

PFTriDA <23700 10-23 tonne -

PFTeDA <58700 10-23 tonne -




Table S20: Growth data for the different plant species

S. Wilhelm S. Loden C. elata C. sativa
Survival rate 100 82 100 35
(%)
The average 5.5 5.0 - -
number of
shoots per
plant
Average plant | 102 80 76 157
height (cm)
Average plant | 49.6 39.1 30.7 342
weight (g)
Average root 1.34 1.25 15.4 3.28
weight (g)
Average stem | 29.7 25.1 - 26.4
weight (g)
Average 7.43 8.7 - -
Branch
weight (g)
Average leaf 7.5 7.83 15.2 7.83
weight (g)
Table S21.1: PFAS concentration in blanks
HFPO-
DA PFPeS | L- B-
PFBA PFPeA PFBS PFHxA 4-2FTSA (ng/L) (ng/L) PFHpA PFHpA
(ng/L) or (ng/L) or | (ng/L) or (ng/L) or | (ng/L) or or or (ng/L) or | (ng/L) or
Type (ng/Kg) (ng/Kg) | (ng/Kg) (ng/Kg) | (ng/Kg) (ng/Kg) | (ng/Kg) | (ng/Kg) | (ng/Kg)
Filter
Blank N/A N/A 0.699 N/A N/A N/A N/A N/A N/A
Filter
Blank N/A N/A 0.679 N/A N/A N/A N/A N/A N/A
Filter
Blank N/A N/A 0.942 N/A N/A N/A N/A N/A N/A
Filter
Blank 0.848 N/A N/A N/A N/A N/A N/A N/A N/A
Fieldblank | 12 4.23 N/A 0.39 N/A N/A N/A 1.36 1.36
SPE Blank | N/A N/A 87.4 N/A N/A N/A N/A N/A N/A
SPE Blank | N/A N/A 66.5 N/A N/A N/A N/A N/A N/A
SPE Blank | N/A N/A N/A N/A N/A N/A N/A N/A N/A
SPE Blank | 1400 468 N/A 47.5 N/A N/A N/A 178 178
Plant
blank 290 218 N/A 16.1 N/A N/A N/A N/A N/A
Plant
blank 457 247 N/A 117 N/A N/A N/A N/A N/A
Plant
blank 335 59.2 124 359 N/A N/A N/A 301 N/A
Plant
blank N/A N/A N/A 23.9 N/A N/A N/A N/A N/A
Plant
blank N/A N/A 234 N/A N/A N/A N/A N/A N/A
Plant
blank 793 N/A 221 169 N/A N/A N/A N/A N/A




Plant
blank N/A N/A 55.7 N/A N/A N/A N/A N/A N/A
Plant
blank N/A N/A 429 N/A N/A N/A N/A N/A N/A
Plant
blank N/A 59.5 12.8 N/A N/A N/A N/A N/A N/A
Filter
substrate
blank 110 55.6 217 262 31 N/A N/A 121 N/A
Filter
substrate
blank 79.2 82.4 73.7 246 0.371 N/A N/A 119 N/A
Filter
substrate
blank N/A N/A 352 N/A 30.8 N/A N/A N/A N/A
Filter
substrate
blank N/A N/A 48.3 N/A N/A N/A N/A N/A N/A
Table S21.2: PFAS concentration in blanks continuing
B- L- B-
B- PFOA PFHpS | PFHpS

NaDONA | L-PFHxS | PFHxS | L-PFOA | (ng/L) | 6-2FTSA | (ng/L) | (ng/L) | PFECHS

(ng/L)or | (ng/L)or (ng/L) or | (ng/L) (or | or (ng/L) or or or (ng/L) or
Type (ng/Kg) | (ng/Kg) (ng/Kg) | ng/Kg) (ng/Kg) | (ng/Kg) (ng/Kg) | (ng/Kg) | (ng/Kg)
Filter
Blank N/A 0115 N/A N/A N/A 0145 N/A N/A N/A
Filter
Blank N/A 0135 N/A N/A N/A 0373 N/A N/A N/A
Filter N/A N/A N/A N/A N/A N/A N/A N/A
Blank 0.0708
Filter

N/A N/A N/A N/A N/A N/A N/A N/A N/A
Blank
Fieldblank | N/A N/A N/A 0.689 N/A N/A N/A N/A N/A
SPE Blank | N/A N/A N/A N/A N/A N/A N/A N/A N/A
SPE Blank | N/A N/A 6.77 N/A N/A N/A N/A N/A N/A
SPE Blank | N/A N/A N/A N/A N/A N/A N/A N/A N/A
SPE Blank | N/A N/A N/A 10.2 N/A N/A N/A N/A N/A
Plant
blank N/A N/A N/A N/A N/A 4138 N/A N/A N/A
Plant N/A N/A N/A N/A N/A N/A N/A N/A
blank 3.75
Plant
blank N/A N/A N/A 188 N/A 126 N/A N/A N/A
Plant
blank N/A 323 18.7 N/A N/A N/A N/A N/A N/A
Plant
blank N/A N/A N/A N/A N/A N/A N/A N/A N/A
Plant
blank N/A N/A N/A N/A N/A 627 N/A N/A N/A
Plant
blank N/A N/A N/A N/A N/A N/A N/A N/A N/A
Plant

N/A N/A N/A N/A N/A N/A N/A N/A N/A

blank




Z’ l’;’:; N/A N/A N/A N/A N/A N/A N/A N/A N/A
Filter
substrate N/A N/A N/A N/A N/A N/A N/A N/A
blank 177
Filter
substrate N/A N/A N/A N/A N/A N/A N/A N/A
blank 226
Filter
substrate N/A N/A N/A N/A N/A N/A N/A N/A
blank 3.56
Filter
substrate N/A N/A N/A N/A N/A N/A N/A N/A
blank 7.94
Table S21.3: PFAS concentration in blanks continuing
B- 9ClI-
PFNA PF30ONS | PFNS

L-PFNA (ng/L) FOSA L-PFOS B-PFOS PFDA 8-2 FTSA | (ng/L) (ng/L)

(ng/L)or | or (ng/L) or (ng/L)yor | (ng/L)or | (ng/L)or | (ng/L)or | or or
Type (ng/Kg) | (ng/Kg) | (ng/Kg) (ng/Kg) | (ng/Kg) | (ng/Kg) | (ng/Kg) | (ng/Kg) | (ng/Kg)
Filter
Blank N/A N/A 0.458 0.919 N/A 0.831 0.316 N/A N/A
Filter
Blank N/A N/A N/A 0963 N/A 0552 N/A N/A N/A
Filter
Blank N/A N/A N/A 261 0.638 N/A N/A N/A N/A
Filter

N/A N/A N/A N/A N/A N/A N/A N/A N/A
Blank
Fieldblank | 0.222 N/A 0.0743 N/A N/A N/A N/A N/A N/A
SPE Blank | N/A N/A 4.01 N/A N/A N/A N/A N/A N/A
SPE Blank | N/A N/A N/A N/A N/A 26.2 N/A N/A N/A
SPE Blank | N/A N/A N/A N/A N/A N/A N/A N/A N/A
SPE Blank | 22 N/A N/A N/A N/A 28.1 N/A N/A N/A
Plant
blank N/A N/A N/A 6.83 N/A N/A N/A N/A N/A
Plant
blank N/A N/A 3.29 123 N/A N/A N/A N/A N/A
Plant
blank 331 N/A 15.1 111 33.1 221 N/A N/A N/A
Plant

N/A N/A N/A N/A N/A N/A N/A N/A N/A
blank
Plant N/A N/A N/A N/A N/A N/A N/A N/A N/A
blank
Plant
blank N/A N/A N/A N/A N/A N/A N/A N/A N/A
Plant
blank N/A N/A N/A N/A N/A N/A N/A N/A N/A
Plant N/A N/A N/A N/A N/A N/A N/A N/A
blank 11.9
Plant
blank N/A N/A 275 N/A N/A N/A N/A N/A N/A
Filter
substrate N/A N/A N/A N/A N/A
blank 28.7 79.3 22.4 4.11




Filter
substrate N/A N/A N/A N/A N/A
blank 28.9 0.853 359 7.75
Filter
substrate N/A N/A N/A N/A N/A N/A N/A N/A N/A
blank
Filter
substrate N/A N/A N/A N/A N/A N/A N/A N/A N/A
blank
Table S21.4: PFAS concentration in blanks continuing
Me-
FOSAA | Et- PFDS 11ClI-

PFUnDA (ng/L) FOSAA (ng/L) PFDoDA PF30UdS | PFTriDA PFTeDA

(ng/L) or or (ng/L) or or (ng/L) or (ng/L) or (ng/L) or (ng/L) or
Type (ng/Kg) (ng/Kg) | (ng/Kg) (ng/Kg) | (ng/Kg) (ng/Kg) (ng/Kg) (ng/Kg)
Filter Blank | 540 N/A N/A N/A 652 N/A 1080 4580
Filter Blank | N/A N/A N/A N/A 479 N/A 687 1050
Filter Blank | N/A N/A 221 N/A N/A N/A N/A N/A
Filter Blank | 768 N/A N/A N/A N/A N/A N/A N/A
Fieldblank 111 N/A N/A N/A 275 N/A 99 162
SPE Blank 603 N/A N/A N/A N/A N/A N/A 639
SPE Blank N/A N/A N/A N/A N/A N/A N/A N/A
SPE Blank N/A N/A N/A N/A N/A N/A N/A N/A
SPE Blank N/A N/A N/A N/A N/A N/A N/A 22.5
Plant blank | 46800 N/A N/A N/A 36900 N/A 2430000 N/A
Plant blank | N/A N/A N/A N/A 90200 N/A 20400000 N/A
Plant blank | 101000 N/A N/A N/A 368000 N/A 6730000 52800000
Plant blank | N/A N/A N/A N/A 11400 N/A 950000 N/A
Plant blank | N/A N/A N/A N/A N/A N/A N/A N/A
Plant blank | N/A N/A N/A N/A N/A N/A N/A N/A
Plant blank | N/A N/A N/A N/A 26000 N/A N/A N/A
Plant blank | N/A N/A N/A N/A N/A N/A 71000 65100
Plant blank | N/A N/A N/A N/A N/A N/A N/A N/A
Filter
substrate N/A N/A N/A N/A N/A N/A N/A
blank 7750
Filter
substrate N/A N/A N/A N/A N/A N/A
blank 14000 178000
Filter
substrate N/A N/A N/A N/A N/A N/A N/A
blank 76000
Filter
substrate N/A N/A N/A N/A N/A
blank 5760 7300 15000




Table S22: additional chemical parameters

TOC S04 Cl Ca Mg Na K
Unit mg/1 meqv/l meqv/l meqv/l meqv/l meqv/l meqv/l Fepg/l | Mn pg/l | Al pg/l
Salix spp
A 33.2 12.5 26.8 7.49 8 38.7 5.12 67 82 13
Salix spp
B 40.8 12.3 25.1 9.48 8.1 34.4 4.35 6 43 5
C. elata
A 30.3 12.1 25.1 11 8.23 35.7 4.6 29 19 14
C. elata
B 34.2 12.3 25.4 9.98 8.23 35.7 4.6 140 200 12
C. sativa
A 30.6 12.1 24.8 10.5 8.23 36.1 4.6 51 66 6
C. Sativa
B 31.2 12.1 24.8 10.5 9.05 38.7 4.86 57 27 9
Control
A 31.2 12.1 24.8 11 8.23 36.5 4.86 76 29 7
Control
B 29.7 12.1 24.8 9.48 8.23 36.5 4.6 11 12 5
Buffer
tank 50.3 12.1 24.8 14.5 9.05 37.8 5.12 7100 1000 4

N
Figure S2: Layout of the wetland unit setup in the field. 1=Salix spp A, 2=Control A, 3=Control
B, 4=C. elata A, 5=C. Sativa A, 6=Salix spp B, 7= C. elata B, 8= C. Sativa B, 9=Control A
recirculation tank, 10=Salix spp A recirculation tank, 11=C. elata A recirculation tank,
12=Control B recirculation tank, 13=Salix spp B recirculation tank, 14=C. sativa A recirculation

tank, 15=C. sativa B recirculation tank, 16=C. elata B recirculation tank, 17=Inlet water
buffertank.
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