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Uptake of Per- and Polyfluoroalkyl substances (PFAS) by
Plants

Summary:

Currently, more and more attention is paid to a group of chemicals called per- and
polyfluorinated substances (PFAS). These substances include a wide variety of synthetic
compounds that are widely used in industry due to their exceptional properties. However, their
extensive use and resistance to degradation have led to their widespread presence in the
environment. PFAS have been found in soil, water, or air. Through contaminated water and
soil, PFAS have penetrated plant roots to the fruits or seeds of cultivated crops, where they
become part of the food chain. This contamination poses a potential health risk to the human
population and ecosystems. Concerns about the toxicity and persistence of PFAS have recently
led to efforts to prevent PFAS from contaminating the food chain. Therefore, some
representatives of the PFAS group are gradually being restricted. It is an effort to prevent PFAS,
which have already entered the environment, from escaping into water and subsequently into
plants. The use of biochar, which can sorb contaminants on its surface and also improve soil
properties, may potentially be suitable for PFAS sorption in soil. At the same time, it is also
possible to use waste materials (wood, sewage sludge, agricultural residues, food waste) to
produce biochar, which represents a sustainable cycle of dealing with these materials.

In this work, the effect of biochar on the uptake of PFAS by Cucurbita pepo L., a variety of
zucchini, was investigated in the pot experiment. The presence or absence of biochar made from
sewage sludge or wood was chosen as a factor. The plants were irrigated with 5 representatives
of PFAS, namely HFPO-DA, HFPO-TA, HFPO-TeA, PFOA, and PFOS, at a concentration of
10 pg/L for 41 days. The chosen concentration of PFAS in the irrigation water was consulted
with the scientific literature. A total of 78.15 pg of each contaminant was added to each plant.
Subsequently, the amount of contaminants that got into the fruits was evaluated, and their
potential risk when consumed by an adult and a child was estimated.

No statistically significant difference was observed between the amount of contaminants in
fruits grown on variants with and without biochar. Contaminants were found in the fruits of
plants grown on all variants treated with the PFAS solution. HFPO-DA was the most detected
in fruits across the variants, followed by PFOA and PFOS. Contaminants HFPO-TeA and
HFPO-TA were the least detected in fruits. The reason for the different uptake of contaminants
by plants could be the different molecular weights and structure of the contaminants.

The risk for an adult would be the consumption of 352 ng of PFAS per week, for a child the
risk would be the consumption of 88 ng of PFAS per week. This risk dose would be reached by
consuming 143 to 306 g of zucchini, depending on the variant. This represents a real
consumable dose during the week, as 300 grams is the average weight of a zucchini fruit. For a
child, the risk dose would be reached by consuming 36 to 77 g of zucchini, depending on the
variant, which again represents a realistic dose that a child could consume in a week.

Keywords: PFOA, PFOS, accumulation, zucchini, biochar
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1 Introduction

PFAS is the abbreviated name for a group of substances known as per and polyfluorinated
compounds. This broad group of man-made substances contains over 12,000 compounds
(Wallace et al. 2023). Due to their unique properties, these substances are used in industry to
produce non-stick coatings, materials that repel water, grease, and oil, and firefighting foams
(Agency for Toxic Substances and Disease Registry 2022). The most well-known compounds
that fall into the PFAS group are perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic
acid (PFOS) (Lesmeister et al. 2021).

PFAS are substances that have contaminated the entire environment in recent decades.
PFAS have been found in soils on every continent, surface, and groundwater, and even in
animals, including humans (Ghisi et al. 2019; Sermo et al. 2021; Krahn et al. 2023). Due to the
mobility of PFAS and their tendency to accumulate in the environment, their use is now
restricted in Europe. Two compounds from the PFAS group have already been classified as
persistent organic pollutants (POPs) by the Stockholm Convention. Specifically, PFOA and
PFOS, have been the most widely used in the past (Krahn et al. 2023). PFOA production is
restricted under the Stockholm Convention, while PFOS production is already banned (Munoz
et al. 2019; Gui et al. 2023; Sun et al. 2023). In 2022, perfluorohexanesulphonic acid (PFHXS)
was also approved for inclusion in the list of persistent organic pollutants (MZP 2023).

Soil is an important reservoir of persistent PFAS. These compounds enter the soil through
contaminated irrigation water, wet or dry atmospheric deposition, or the application of
contaminated sludge to the soil. PFAS may subsequently sorb to soil particles or dissolve into
the soil solution. From there, they can enter plants and contaminate the food chain up to humans
(Mei et al. 2021). According to EPA (2023a), many PFAS have already been detected in the
blood of both animals and humans. In humans, PFAS can cause several pathological changes,
including cancer (Ghisi et al. 2019).

Preventing or limiting the movement of water-soluble PFAS in the soil-plant system
would be possible with appropriate remediation techniques, according to Sermo et al. (2021).
For this purpose, carbon-based sorbents have been investigated in the last few decades. These
can strongly bind organic contaminants. This prevents their leaching into water and subsequent
bioaccumulation of PFAS in plants. Carbon-based sorbents include biochar, which was used in
this thesis.

The banned PFOA and PFOS have been gradually replaced by other compounds from the
PFAS group in the industry (Reade 2018). The most commonly used PFOA has been replaced
by hexafluoropropylene oxide dimer acid and its ammonium salt (commercial name GenX) and
PFOS has been replaced by perfluorobutane sulfonic acid (PFBS) and its potassium salt (Xu et
al. 2021; EPA 2023b). These shorter-chain PFAS were considered less persistent in the
environment. However, GenX has been shown to be more toxic than PFOA. At the same time,
substitutes are equally or more persistent than banned PFAS (Xu et al. 2021). Therefore, these
compounds have been termed as regrettable substitution (‘regrettable substitution’) by Reade
(2018). Other PFAS substitutes include 6:2 chlorinated polyfluoroalkyl ether sulfonate (F-53B)
and sodium p-perfluorous nonenoxybenzene sulfonate (OBS). However, these are not as safe
as expected (Xu et al. 2021).



2 Scientific hypothesis and aims of the thesis

The hypothesis of the thesis: The application of biochar into the soil will reduce PFAS
uptake by plants.

Obijective of thesis: To assess the effect of biochar amendment of soil on the uptake and
accumulation of selected PFAS from irrigation water by plants.



3 Literature research

3.1 PFAS Distribution

PFAS are a group of synthetic prepared amphiphilic organic molecules. These molecules
comprise a strong hydrophobic carbon-fluorine tail and a hydrophobic functional group (Mei
et al. 2021). These two molecule parts give PFAS their specific properties and determine their
persistence in the environment and their reactivity (Ghisi et al. 2019).

OECD (2021) defines PFAS as a fluorinated substance where a perfluorinated methyl
group (-CF3) or perfluorinated methylene group (-CF»-) can be found. At least one carbon atom
is fully fluorinated in PFAS, so there are no chlorine, bromine, hydrogen, or iodide atoms
attached to the carbon atom.

PFAS are a broad group of compounds containing linear or branched (Ghisi et al. 2019;
Ramirez Carneo et al. 2021) molecules with very different physical and chemical properties.
Differences can be observed in molecular size, charge, state of matter, volatility, mobility, or
bioaccumulation (Cousins et al. 2020). Based on the differences in properties, the family of
PFAS has been divided into two classes, which are then further subdivided into subclasses,
groups, and subgroups (ITRC 2023). A schematic of the division of PFAS can be found in

Figure 1.
| PrAs }
Nonpolymers Polymers
I 1
| Perfluoroalkyl Substances I | Polyfluoroalkyl Substances |
I |
T 17 11 1
| Perfluoroalkyl acids (PFAAs) ‘ | Fluorotelomer substances | | Fluoropolymers
Perfluoroalkyl carboxylic acids/ Polyfluoroalkane sufonamido | Polymeric Perfluoropolyethers (PFPE) |
Perfluoroalkyl carboxylates (PFCAs) substances
- - Side-chain fluorinated polymers
Perfluoroalkane sulfonic acids/ |POIyﬂuoroa|ky| ether acids (PonFEAs)| |
Perfluoroalkane sulfonates (PFSAs)
Family Hierarchy Legend

Chloropolyfluoroalkyl ether acids |

‘ Perfluoroalkyl ether acids (PFEAs)

Chloropolyfluoroalkyl acids |

Perfluoroalkane sulfonyl fluorides Class
(PASFs) Polyfluoroalkyl carboxylic acids
(PolyFCAs) | Subclass |
‘ Perfluoroalkane sulfonamides (FASAs)l
‘ Group |
Perfluoroalkanoyl fluorides
(PFAs or PACFs) ‘ Subgroup |

Perfluoroalkyl iodides (PFAls)

Perfluoroalkyl aldehydes (PFALs)

Figure 1: The PFAS’s family tree (ITRC 2023).

The next chapters will describe two basic classes (polymers and non-polymers).



3.1.1 Polymeric PFAS

Polymers are huge molecules that consist of monomers. Monomers are many shorter
chain molecules with no repeating units (ITRC 2023). Due to the size of the molecule, polymers
have different physical, chemical, and biological properties compared to non-polymers with
lower molecular weight (Henry et al. 2018). There are three subclasses within this class:

- Fluoropolymers
- Polymeric perfluoropolyethers (PFPE)
- Side-chain fluorinated polymers (SCFP) (ITRC 2023; Lohmann & Letcher 2023).

3.1.1.1 Fluoropolymers

Fluoropolymers are high molecular-weight polymers (molecular weight well over
100,000 Da) (Henry et al. 2018) that consist of a carbon-only polymer backbone to which
fluorine atoms are directly attached (ITRC 2023). These are mostly extremely stable substances
that are not subject to thermal, chemical, photochemical, hydrolytic, oxidative, or biological
degradation (Henry et al 2018). Fluoropolymers are virtually insoluble in water, meaning that
they do not move long distances and are difficult for organisms to access (Lohmann & Letcher
2023). The main representatives of fluoropolymers are:

- Polytetrafluoroethlene (PTEE)

- Ethylene tetrafluoroethylene (ETFE)

- Copolymer Fluorinated ethylene propylene (FEP)
- Perfluoralkoxy alkanes (PFA)

In some cases, non-polymeric substances are used as processing aids in the production
of fluoropolymers. These, together with unreacted monomers, may then be released into the
environment from the resulting fluoropolymers (ITRC 2023).

3.1.1.2 Polymeric perfluoropolyethers

Polymeric perfluoropolyethers are also known as ether-PFAS (Lohmann & Letcher
2023). These compounds have fluorine atoms bonded to carbon atoms found in the carbon and
oxygen polymer backbone. An ether bond (C-O-C) is found between carbon and oxygen atoms
in the backbone (Munoz et al. 2019; ITRC 2023; Lohmann & Letcher 2023). These polymeric
compounds have not yet been closely characterized in the environment (ITRC 2023).

These compounds are considered to replace PFOA and PFOS, which have long chain
lengths. The ether-PFAS group includes the carboxylic compounds the ammonium salt of
hexafluoropropylene oxide dimer acid (GenX), Difluoro[1,1,2,2,-tetrafluoro-2-(pentafluoro-
ethoxy)] ethoxy acetic acid (EEA-NH4) (Munoz et al. 2019; Lohmann & Letcher 2023) as well
as the sulfonated compound 6:2 chlorinated polyfluoroalkyl ether sulfonate (F-53B). Another
ether-PFAS representative that contains a carboxyl group is the ammonium salts of
dodecafluoro-3H-4,8-dioxananoate (ADONA) (Munoz et al. 2020; Lohmann & Letcher 2023).
However, this substance is identified by ITRC (2023) as the most important representative of
polyfluoroalkyl substances. The structural formulas of the listed representatives of polymeric
perfluoropolyethers are shown in Table 1.



Table 1: The structural formulas of GenX (Brandsma et al. 2019), F-53B, ADONA (Munoz et
al. 2019), and EEA-NH4 (Environmental Agency 2023).

Compound Structural formula
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3.1.1.3 Side-chain fluorinated polymers

The name side-chain fluorinated polymers (SCFP) is derived from the structure of these
compounds. The molecule consists of a nonfluorinated polymer backbone on which fluorinated
side chains are attached (ITRC 2023). In some cases, the fluorinated side chain may be released
(e.g. by hydrolysis of the ester linkage) from the molecule to form perfluoroalkyl acids and a
fluorinated monomer residue (CLU-IN 2023; Lohmann & Letcher 2023). Side-chain
fluorinated polymers are therefore referred to as precursors of PFAA formation. This subgroup
of polymers includes:

- Fluorinated urethane polymers
- Fluorinated acrylate/methacrylate polymers
- Fluorinated oxetane polymers (ITRC 2023)

Although fluoropolymers are referred to as "polymers of low concern” in the literature,
they have already been found in the environment. SCFP, from whose molecules short non-
polymeric fluorinated chains can be released, also appears to be problematic (Lohmann &
Letcher 2023).

3.1.2 Non-polymers PFAS

Non-polymeric PFAS are much more frequently mentioned in environmental studies
compared to polymeric PFAS (Lohmann & Letcher 2023). This is because non-polymeric



PFAS are the most commonly detected in the environment, including humans (ITRC 2023).
The scientific work most often focuses on:

- perfluorooctanoic acid (PFOA)

- perfluorooctane sulfonic acid (PFOS)

- perfluorohexane sulfonic acid (PFHXS)
- perfluorononanoic acid (PFNA).

Based on the description of these 4 PFAS, the biological impact of the whole group of
PFAS is assessed, as the other compounds are not well described (Cousins et al. 2020).

Non-polymeric PFAS can be divided into two subclasses, which are further subdivided
into different numbers of groups and subgroups. The first subclass is perfluoroalkyl substances,
which have a fully fluorinated alkyl group (Ramirez Carneo et al. 2021; CLU-IN 2023). The
second subclass is polyfluoroalkyl substances with not all hydrogen atoms substituted by atoms
of fluorine (Buck et al. 2011; CLU-IN 2023).

The division of non-polymeric PFAS is not entirely clear; the authors omit some examples
in their schemes or use different terms when dividing PFAS. The differences are evident, for
example, when comparing the sources of ITRC et al. (2023) and Henry et al. (2018). Henry et
al. (2018) name the PFAS family as a group, the class of non-polymeric and polymeric
compounds as a category, and the subclasses of perfluoroalkyl and polyfluoroalkyl substances
carry the class designation in the article. These subsections will be based on the distribution
published by the ITRC (2023).

3.1.2.1 Perfluoroalkyl substances

Perfluoroalkyl substances are a group of substances with a specific structure. These
molecules typically contain 4 to 16 carbon atoms (Ghisi et al. 2019; Ramirez Carneo et al.
2021). In a perfluoroalkyl compound molecule, all hydrogen atoms are replaced by a fluorine
atom (Ghisi et al. 2019). Furthermore, a functional group is present in the molecule. In that, the
hydrogen atoms are never replaced by fluorine because this would change the nature of the
functional group (Ramirez Carneo et al. 2021).

The most common substances encountered are those containing a carboxyl or sulfonic
functional group, but there may be others (ITRC 2023). Thus, the general structure of the
molecule can be described as CnF2n+1-R, where CnF2n+1 represents the length of the C-F chain
(n>2) and R is the functional group at the end of the molecule (Mei et al. 2021; ITRC 2023).

This subclass includes the groups:

Subgroups belonging to this group are (ITRC 2023):

- perfluoroalkyl acids (PFAA)

- perfluoroalkyl ether acids (PFEA)

- perfluoroalkane sulfonyl fluorides (PASF)
- perfluoroalkane sulfonamides (PFASA)

- perfluoroalkanoyl fluorides (PFA/PACF)
- perfluoroalkyl iodides (PFAI)

- perfluoroalkyl aldehydes (PFAL)



3.1.2.1.1 Perfluoroalkyl acids (PFAA)

PFAA is considered the most prevalent environmental contaminant from PFAS (Ghisi et
al. 2019). Of the PFAS group (family, according to this division), the structure of PFAA is
considered less complex. Nevertheless, these compounds are virtually indegradable in the
environment. Due to biotic and abiotic conditions, some more complex polyfluoroalkyl
substances decompose on PFAA (ITRC 2023).

The PFAA group can be divided into several subgroups. According to ITRC (2023), the
best-known subgroups are:

- perfluoroalkyl carboxylic acids (PFCA)
- perfluoroalkane sulfonic acids (PFSA)

PFCAs containing a carboxylic functional group (-COOH) have a molecular formula of
Cn-1F2n-1COOH. The sum formula of PFSA containing a sulfonic functional group (-SOzH) is
CnF2n+1-SO3H (Mei et al. 2021; Leung et al. 2023). Compounds from both subgroups, i.e.,
PFCA and PFSA, can be released during the decomposition of more complex PFAS
compounds. Examples include the formation of PFCA representatives from fluorotelomer
alcohols (FTOH) or the formation of PFSA representatives from perfluoroalkane sulfonamide
ethanols (FASE) (ITRC 2023).

The most well-known representative of the PFCA subgroup is PFOA, and of the PFSA
subgroup, the most well-known representative is PFOS. These substances are known mainly
because they have been widely industrially produced in the past and subsequently scientifically
investigated (Ghisi et al. 2019; Semerad et al. 2020). Both of these substances are banned
(Reade 2018) and are also considered among the most abundant organic pollutants detected in
the environment, including humans (Ghisi et al. 2019). Other representatives belonging to the
PFCA and PFSA groups are perfluorobutanoic acid (PFBA) perfluorohexanoic acid (PFHXA)
and perfluorobutane sulfonic acid (PFBS). These short acids (PFBA and PFBS are even referred
to as ultrashort by Semerad et al. (2020) are sometimes used as substitutes for the banned PFAS
(Ghisi et al. 2019; Cousins et al. 2020; Kancharla et al. 2022). The best-known representatives
belonging to the PFAA group are shown in Table 2.

In addition to the well-known PFCA and PFSA, the PFAA group also includes the
subgroups perfluoroalkane sulfinic acids (PFSiA), perfluoroalkyl phosphonic acids (PFPA),
and phosphinic acids (PFPiA), perfluoroalkyl dicarboxylic acids (PFdiCA) or perfluoroalkane
disulfonic acids (PFdiSA), Some of the compounds falling into these subgroups are starting to
be detected in the environment, which is drawing attention to these substances (ITRC 2023).

Table 2: The structural formulas of PFOA, PFOS, PFHXS, PFNA (Xu et al. 2021), PFBA,
PFBS, PFHXA (Liu et al. 2020).

Compound Structural formula
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3.1.2.1.2 Perfluoroalkane Sulfonamides (PFASA)

Perfluoroalkane sulfonamides, abbreviated PFASA, sometimes referred to as FASA
(Huang et al. 2019; CLU-IN 2023), are an equally important group of substances falling under
PFAS (Huang et al. 2019). They are formed as products or intermediates during the
electrochemical fluorination process (ITRC 2023). The use of these substances in industry leads
to their proliferation in the environment. PFASA was detected in all types of water. In tap water,
in wastewater, and even in natural resources. Based on the investigation of these substances, it
has been found that they have negative effects not only on the environment but also on humans.
The determination of these substances in the environment requires the use of more sensitive
analytical methods compared to the determination of PFAA (Huang et al. 2019). These
compounds are precursors to the formation of PFOS in the environment (ITRC 2023).

3.1.2.1.3 Other groups in the Perfluoroalkyl substances subclass

Among the other groups, PFEA are gaining in importance, which are further subdivided
into the subgroups perfluoroalkyl ether carboxylic acids (PFECA) and perfluoroalkyl ether
sulfonic acids (PFESA) (ITRC 2023). Substances belonging to the PFEA group contain an ether
linkage in their carbon chain, as do polymeric perfluoropolyethers. This ether bond can affect
the bioaccumulation of the entire ether-PFAS molecule (Munoz et al. 2019). PFECA
representatives  include  hexafluoropropylene  oxide dimer acid (HFPO-DA),
hexafluoropropylene oxide trimer acid (HFPO-TA), hexafluoropropylene oxide tetramer acid
(HFPO-TeA), or perfluoro-2-methoxyacetic acid (PFMOAA) (Conley et al. 2019; CLU-IN



2023; Dong et al. 2023; Sun et al. 2023). Other representatives of PFEA are 7-hydro-perfluoro-
4-methyl-3,6-dioxoacetate sulfonic acid, also known as Nafion by-product 2 (Nafion BP2) (Gui
et al. 2023) and Sodium p-perfluorous nonenoxybenzene sulfonate, also known as OBS (Zhou
et al. 2022). Nafion BP2 and OBS are classified as PFESA based on the sulfonic functional
group (Gui et al. 2023). These substances are now used as replacements for banned PFOA and
PFOS (Conley et al. 2019; Gui et al. 2023). The structural formulas of the named representatives
of perfluoroalkyl substances are shown in Table 3.

Other groups falling into the perfluoroalkyl class of substances are perfluoroalkane
sulfonyl fluorides (specifically perfluorooctane sulfonyl fluoride (POSF) and perfluorobutane
sulfonyl fluoride (PBSF)), perfluoroalkyl iodides (PFAI), and perfluoroalkyl aldehydes
(PFAL). Substances belonging to these groups are released in the production of fluorotelomer
substances and polyfluorinated compounds (ITRC 2023).

Table 3: The structural formulas of HFPO-DA, HFPO-TA, HFPO-TeA (Xin et al. 2019),
PFMOAA (McCord et al. 2018), NAFION BP2 (Gui et al. 2023), OBS (Bao et al. 2017).

Compound Structural formula
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3.1.2.2 Polyfluoroalkyl substances

Polyfluoroalkyl substances are substances widely used in industry (Liu & Mejia-
Avendafio 2013). Like perfluoroalkyl substances, they contain a functional group attached to a
carbon chain in their molecule (OECD Undated). Hydrogen atoms are partially replaced by
fluorine atoms in the carbon skeleton (Ramirez Carneo et al. 2021). The resulting molecule
contains a fully fluorinated chain that is broken at some point by a carbon atom containing
hydrogen atoms, not fluorine. At the carbon-hydrogen bond site, the polyfluoroalkyl substance
molecule can be transformed by microorganisms or abiotic influences. Thus, fully fluorinated
parts of the chains may be released into the environment. Because of this, polyfluoroalkyl
substances are referred to as PFAA precursors (Buck et al. 2011; Liu & Mejia Avendafio 2013).

The subclass Polyfluoroalkyl substances is divided into 6 groups (see Figure 1):

- fluorotelomer substances,

- perfluoroalkane sulfonamide substances (name perfluoroalkane refers to fully
fluorinated carbon chain tail, there are 2 more CH2 groups without fluorine),

- polyfluoroalkyl ether acids (PolyFEA),

- chloropolyfluoroalky! ether acids,

- chloropolyfluoroalkyl acids,

- polyfluoroalkyl carboxylic acids (PolyFCA).

Some groups are further subdivided into subgroups (alcohols, carboxylic acids, sulfonic
acids) according to the functional group in the molecule (Liu & Mejia Avendaiio 2013; CLU-
IN 2023). Polyfluoroalkyl substances are also used as substitutes for banned PFAS (ITRC
2023).

3.2 Structure of commonly known PFAS

The two different parts of PFAS molecules (carbon-fluorine tail, functional group) will
be described in the following subsections.

3.2.1 Carbon - fluorine tail

The bond between the carbon atom and the fluorine atom gives the whole PFAS molecule
high chemical, biochemical and thermal stability (Ghisi et al. 2019; Wang et al. 2020a). This
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stability is due to the atomic structure of the fluorine atom, mainly because of the larger size of
the fluorine atom compared to the hydrogen atom and the strong bonding between these atoms
(Ghisi et al. 2019; Leung et al. 2023). This strong bonding between fluorine and carbon atoms
is called a covalent bond and reaches values of 110 kcal/mole (Wang et al. 2020a). Ghisi et al.
(2019) report covalent bond strengths ranging from 109 to 130 kcal/mol. The covalent bond
between carbon and fluorine (the most electronegative element) is considered the strongest
bond in organic chemistry (Kissa 2001; Leung et al. 2023). Due to the strength of the bond,
which increases as the number of fluorine atoms bonded to the central carbon atom increases,
this part of the molecule is considered non-reactive (Ghisi et al. 2019; Leung et al. 2023).

The presence of fluorine atoms in the PFAS carbon chain also causes very weak
intramolecular and intermolecular interactions. This makes PFAS more volatile and has a lower
boiling point compared to hydrocarbons of similar molecular weight. These weak
intermolecular interactions are also responsible for the low surface tension of PFAS, making
PFAS have excellent surface wettability (Leung et al. 2023).

The persistence in the environment is strongly influenced by the length of the
hydrophobic carbon chain. PFAS with a longer chain (i.e., more than 5 carbon atoms in the
chain) can have higher octanol-water (Kow) coefficient values than PFAS with a shorter chain.
An increasing Kow value reflects increasing persistence in the environment (Ghisi et al. 2019).
Mei et al. (2021) analyzed the persistence of PFAS in the environment using the sorption
coefficient Kq. The Kqg value increased with increasing carbon-fluorine chain length. The
increased adsorption of PFAS with a longer CF chain to the soil surface was also confirmed by
CLU-IN (2023). Varying the carbon chain length also affects the (partitioning) behavior of
molecules that lie between the hydrophobic and hydrophilic phases. For this reason, shorter
molecules are generally more soluble in water than molecules with a higher number of carbon
atoms in the chain (CLU-IN 2023).

Based on the number of carbon atoms in the molecule, PFAS can be divided into short-
chain PFAS and long-chain PFAS (Kuzniewski 2022). The boundary between the short and
long chain is 6 carbon atoms in the molecule (Krahn et al. 2023). Ghisi et al. (2019) referred to
PFCA with a chain shorter than 7 carbon atoms as short-chain compounds. PFSA are classified
as short if they have less than 6 carbon atoms in the molecule. The most discussed and
mentioned PFOS and POFA (which are the best-known representatives of the PFAS group) are
classified as long-chain PFAS. Both of these representatives contain 8 carbon atoms in the main
chain (Buck et al. 2011). Some PFAS with lower carbon numbers are less likely to accumulate
in living organisms. However, like long-chain PFAS, these short-chain PFAS are also difficult
to degrade. Short PFAS are less easily sorbed to the solid soil phase. This leads to their high
mobility in the environment (Ghisi et al. 2019). Short-chain PFAS compounds can not only be
industrially produced but can also be formed by dissolving more complex PFAS in the
environment (American Water Works Association 2019).

3.2.2 Functional group

The functional group is localized at the end of the PFAS molecule and is responsible,
unlike the non-reactive C-F chain, for the reactivity of the entire molecule. The reactivity can
also be influenced by the non-fluorinated part of the molecule, which is not part of the functional
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group (Ghisi et al. 2019). The hydrophilic functional group together with the hydrophobic and
lipophobic CF tail form two specific structures typical of PFAS (Wang et al. 2020a; Mei et al.
2021). These two different natures of one molecule cause the molecule to behave differently in
different media and split the molecule between two phase interfaces (CLU-IN 2023).

Most of the functional groups in PFAS molecules are anionic at pH 4-9, which is normal
for the environment (Mei et al. 2023). They are therefore negatively charged and will be
repelled from negatively charged surfaces and attracted to positively charged ones. Some
functional groups of PFAS have a positive charge, thus we refer to them as cations. There are
also PFAS compounds that contain both anionic and cationic functional groups in one molecule.
These compounds, called zwitterions, will exhibit partitioning behavior between environments
with different charges (CLU-IN 2023).

Due to the high variability in the length of the hydrophobic and lipophobic (hydrophilic
and lipophilic) alkyl chain (CF chain) and the charge of the hydrophilic functional groups that
can be attached to the molecule, it is difficult to estimate the behavior of PFAS in the
environment compared to older persistent organic pollutants (CLU-IN 2023; Krahn et al. 2023).

3.3 Use of PFAS in industry

These substances began to be used in industry in the 1950s as a result of the boom in
fluorine chemistry (Buck et al. 2011; Munoz et al. 2019). Some sources date the beginning of
use to the 1940s (Wang et al. 2020a).

This broad group of substances with unique properties was and still is widely used in
many industries (Huang et al. 2019; Wang et al. 2020a; Agency for Toxic Substances and
Disease Registry 2022). PFAS has found application in the production of surfactants (they
reduce the surface tension of the water), adhesives, coatings, paints, lubricants, pesticides, food
packaging, or aqueous firefighting foams (Wang et al. 2020a; Xu et al. 2021; Leung et al. 2023).
PFAS are also added as additives to polymers (Xu et al. 2021), used in the surface treatment of
textiles and paper, in photolithography, and chromium plating (Huang et al. 2019; Mei et al.
2021).

Substitutes for banned PFAS have been increasingly used in industry in recent years. OBS
is widely used in China (Xu et al. 2021) as a cheap substitute for PFOS in plating, in the
production of fire-fighting foam (Bao et al. 2017; Lohmann & Letcher 2023), or in the
manufacture of fluoroprotein foams and alcohol-resistant foams (Huang et al. 2021). In China,
the compound F-53B is also used as a substitute for PFOS (Munoz et al. 2019). This substance,
utilized in the electroplating industry, has gained importance since the 1970s due to its low
price (Hu et al. 2021; He et al. 2022). GenX, produced in the USA, is used in the same industries
and the production of the same or similar fluoropolymer products as the PFOA, which it
replaced (EPA 2023c). Kancharla et al. (2022) mention the specific use of GenX in the
production of surfactants. At the same time, GenX can be released as a by-product during the
manufacture of fluoromonomers (Hopkins et al. 2018). Nafion BP2 is released during the
production of the Nafion membrane, which is used in the production of electrochemical cells
(Gui et al. 2023).
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3.4 PFAS entrances into the environment

Due to widespread use, these persistent substances have entered all components of the
environment, including biota, where they accumulate and have a toxic effect on living
organisms (Buk et al. 2011; Ghisi et al. 2019; Wang et al. 2020; Sermo et al. 2021). PFAS
entered the environment during production or use or spread from local point sources. Local
resources include:

- fluorochemical plants,

- firefighting training facilities,
- metal and paper industry,

- landfills,

- wastewater treatment plants.

PFAS can also escape from fields where biosolids containing PFAS have been applied
(Ghisi et al. 2019; Sermo et al. 2021). However, this source is referred to as diffuse and not a
point source (Sermo et al. 2021). The use of aqueous film-forming formulations during
firefighting was also an extensive source of soil contamination near civilian and military
airports (Liu & Mejia Avendano 2013; Kancharla et al. 2022).

PFAS has been spread by both point and diffuse sources through surface and groundwater
as well as air far from pollution sources (Liu & Mejia Avendafio 2013; Sermo et al. 2021; Xu
et al. 2021). They have been detected in soils worldwide, including rural areas. PFAS have also
been detected in the Arctic, where they were transported by atmospheric transport (Ghisi et al.
2019; Wang et al. 2020; Sermo et al. 2021). PFAS enter agricultural soil together with irrigation
water or after the application of sewage sludge. Through the consumption of plants grown in
contaminated soil, PFAS reaches animals and humans (Ghisi et al. 2019; Mei et al. 2021).

Due to the global spread of these bioaccumulative, biotoxic, and resistant to degradation
substances, perfluorocarboxylic and perfluorosulfonic acids have been gradually restricted
(Munoaz et al. 2019; Gui et al. 2023). Most substitutes for banned PFAS are still organofluorine
chemicals (Bao et al. 2017). Nevertheless, reduced bioaccumulation of PFAS substitutes
containing one or more alkyl ether bonds in a fully fluorinated carbon chain can be assumed
(Munoz et al. 2019). According to the Madrid Statement, these substitutes also raise concern
due to their potential persistence in combination with the lack of information on their toxicity
(Bao et al 2017; Conley et al. 2019; Munoz et al. 2019). Leung et al. (2023) identified the
unrestricted production of short-chain PFAS and their subsequent accumulation in the
environment as a growing global problem.

The toxicity of the F-53B substitute has been monitored since 2013 when this component
was first detected in the environment (surface and groundwater, seawater, atmosphere,
sediments, sewage sludge) (Munoz et al. 2019; He et al. 2022; Xu et al. 2022). However, this
substitute has been leaking into the environment since the 1970s. Specifically, the F-53B was
found in China, where this substance is used, but also in the USA, the Netherlands, Germany,
Great Britain, and South Korea. In some Chinese rivers, the concentration of F-53B was higher
than PFOS (He et al. 2022). At the same time, the persistence of the substitute was proven, and
its toxicity was identified. Based on research, the acute toxicity of F-53B is considered to be
comparable to the acute toxicity of the banned PFOS.
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GenX and ADONA substitutes, which have been detected in water in Asia and Europe,
are also subject to increased monitoring (Munoz et al. 2019; EPA 2023b). GenX was first
detected in the rivers Elbe and Rhine in Germany, in the delta of the rivers Rhine and Meuse in
the Netherlands, and in the Xiaoging River in China (Xu et al. 2021). High concentrations of
GenX have been observed in the Cape Fear River, drinking water in North Carolina, and Spring
Lake. However, GenX is likely being released into water in other parts of the USA. The West
Virginia Department of Environmental Protection has allowed the release of GenX into the
Ohio River if the concentration does not exceed 17,500 ng/L. However, this concentration has
already been exceeded several times (Hopkins et al 2018). GenX was also found in sewage
sludge in the Czech Republic. In roughly 20% of the samples, shorter PFAS (including GenX)
was found compared to the otherwise abundant PFOS and PFOA, which indicates the restriction
of long PFAS (Semerad et al. 2020). However, GenX has been found to be more toxic than
PFOA (Xu et al. 2021).

A high bioaccumulation capacity was also observed for the substitute Nafion BP2. This
substitute was first detected in 2017 in surface water in the USA (Gui et al. 2023), specifically
in North Carolina (Conley et al. 2022). OBS has also already been detected in water, specifically
in water samples taken from an urban wastewater treatment plant in northern China and around
the Dagqing oil field (Bao et al. 2017; Huang et al. 2021). The distribution of OBS in the tissues
of wild crucian carp was comparable to the distribution of PFOS, but the substitute accumulated
less in the tissues (Huang et al. 2021)

HFPO-TeA is not only a separately used substitute for PFOA but also a by-product
produced during the production of GenX. Increased production of this substitute also leads to
increased emissions of HFPO-TeA. This substance has been detected in soil and surface water
(Dong et al. 2023). HFPO-TA is released into the environment from the process of producing
fluorinated polymers. This substitute has also been detected in soil, sediments, surface, and
groundwater and, unlike HFPO-TeA, also in living organisms (Dong et al. 2023; Sun et al.
2023).

3.5 PFAS in soils

Soil is an important reservoir of PFAS in the environment (Mei et al. 2021). Contaminated
plants grown on it are the main source of PFAS contamination for humans (Kancharla et al.
2022). Due to high concentrations of PFAS in soil (PFAS concentrations were often measured
in values several mg.kg-1 soil), it is necessary to know the sorption mechanisms and mobility
of PFAS in soil (Fabregat-Palau et al. 2021). In soil, PFAS can be absorbed into soil particles
or dissolved in the soil solution. The sorption capabilities of PFAS are important in determining
the concentration of PFAS available to plants. Only PFAS contained in the solution can be
taken up by plants, specifically their roots (Mei et al. 2021). The roots are, according to Wang
et al. (2020a) and Wang et al. (2020b), the primary pathway through which PFAS enter plants.
Sorption, which is conditioned by PFAS structure and soil properties (Mei et al. 2021), will be
described in the next chapter.
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3.5.1 PFAS sorption in soil

The sorption of PFAS in soil is influenced by several factors. According to Pereira et al.
2018) and Ghisi et al. (2019), the most significant factor affecting PFAS sorption in soil is the
content and quality of organic matter. Li et al. (2019), Mei et al. (2021), and Sermo et al. (2021)
consider the most important PFAS sorbent to be total organic carbon (TOC), which is, however,
often considered a correlated quantity to soil organic matter (SOM) (Mei et al. 2021). TOC
proved to be a possible sorbent for two of the most well-known representatives of PFAS, i.e.
PFOA and PFOS. For other representatives of PFAS (i.e. perfluoropentanoic acid or PFPeA,
perfluorodecanoic acid or PFDA, and PFBS) it has not been proven that TOC is the dominant
parameter affecting their sorption in soil (Li et al. 2019).

Sorption of PFAS in the soil is not only determined by organic matter (Pereira et al. 2018),
but other factors also influence sorption, such as:

- pH,

- temperature,

- salinity of divalent ions,

- presence of soil bacteria that can sorb (not metabolize) PFAS with electrostatic or
hydrophobic forces (Wang et al. 2020b; Fabregat-Palau et al. 2021; Mei et al. 2021).

Soil structure, specifically the presence of micropores, also plays a role in PFAS sorption.
PFAS are strongly sorbed in micropores ranging in size from a few angstroms (A) to several
hundred angstroms. From meso- and macropores, PFAS are more easily released into the soil
solution (Mei et al. 2021).

The bonds that can form between PFAS and the soil solid phase, which will be further
described, are shown in Figure 2.
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Figure 2. The bonds between PFAS and inorganic and organic soil fraction (Mei et al.
2021).
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3.5.1.1 Sorption on the organic part of the soil

Organic matter primarily consists of organic humic substances (humic acid, fulvic acid,
humine) (Fabreagat-Palau et al. 2021), which play various roles in the sorption of PFAS in soil
(Mei et al. 2021).

The first type of interaction between PFAS and SOM is the bond between the
hydrophobic CF chains in the PFAS molecule and the aliphatic and aromatic groups contained
in the soil organic matter. These aliphatic and aromatic groups are also hydrophobic (Mei et al.
2021). Human contributes the most to hydrophobic reactions between soil organic matter and
PFAS, unlike fulvic acids and humic acids (Pereira et al. 2018). However, hydrophobic
interactions can also occur between humic acid and PFAS contained in the soil. In this case,
hydrophobic carbon-fluorine chains are bound to hydrophobic cavities on humic acids (Li et al.
2019). According to Fabreagat-Palau et al. (2021), hydrophobic interactions are an important
mechanism of PFAS sorption onto humic acids.

The second type of interaction between PFAS and organic matter involves electrostatic
interactions. At normal pH, the anionic functional groups of PFAS are attracted to positively
charged amino and amide groups contained in organic matter (Mei et al. 2021). At the same
time, these functional groups are repelled from positively charged phenolic and carboxylated
functional groups in organic matter (Pereira et al. 2018; Mei et al. 2021).

The penultimate bond formed between soil organic matter and PFAS is hydrogen bonding
(Mei et al. 2021). This bond involves oxygen contained in carboxylic or functional groups and
hydroxy! groups contained in soil organic matter (Fabreagat-Palau et al. 2021; Mei et al. 2021).

The last bond between PFAS and organic soil matter involves cationic bridges. These
bridges are formed in soils that contain many carboxyl groups. These soil carboxyl groups can
bind metal ions, with which the carboxyl or sulfone functional group of PFAS subsequently
interacts. This interaction can be written as follows: SOM-metal-PFAS. Ca?* and Mg?* ions can
form cationic bridges with the carboxyl functional groups of PFCA. With the sulfone groups of
PFSA, cationic bridges form Ca?* ions (Mei et al. 2021).

3.5.1.2 Sorption on mineral part of soil

Sorption of PFAS to the inorganic soil fraction plays a significant role in the sorption of
PFAS in soil, as minerals constitute a considerable portion of soil compounds (Mei et al. 2021).
The positive effect of PFAS sorption on the mineral fraction of the soil has also been described
by Fabregat-Palau et al. (2021) in soils with organic carbon content below 5%. The interaction
between PFAS and the soil mineral fraction is mediated by titanium, iron, and aluminum oxides
(Fabregat-Palau et al. 2021), with iron oxides playing a dominant role (Li et al. 2019). Sorption
of PFAS onto aluminum oxides varied depending on the PFAS sorbed. PFPeA, PFDA, and
PFBS were better sorbed on aluminum oxides compared to PFOA and POFS (Li et al. 2019).

The first type of bond between PFAS and mineral particles is similar to organic matter,
electrostatic interactions. This bond is influenced by pH and mineral type. If the soil pH is lower
than 6, the Al2Os in the soil becomes positively charged and attracts the anionic functional
group of PFAS (Mei et al. 2021). The surfaces of iron oxides are also positively charged (Li et
al. 2029). Sandy soils predominantly containing SiO., which are negatively charged at pH 6,
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repel anionic functional groups of PFAS. SiO. would only become positively charged when the
pH drops below 2. Electrostatic interaction between AI203 and PFAS, as well as PFAS
interaction with other soil minerals, may not be stable. Nevertheless, there is a significant
interaction between PFAS with a sulfone functional group and the mineral fraction of soil (Mei
et al. 2021).

The second type of interaction involves the exchange of ligands between hydroxyl groups
in soil minerals such as goethite (o -FeOOH) or gibbsite (Al(OH)3) and the carboxyl group of
PFAS. The process of ligand exchange between PFAS and goethite and gibbsite are described
in equations 1 and 2.

Al-OH + CF+(CF.),COO — Al-OOC(CF.).CF: + OH (1)
Fe-OH + CF5(CF.),COO — Fe-OOC(CF.),.CFs + H.0*  (2)

Li et al. (2019) and Mei et al. (2021) identified ligand exchange at iron oxides as one of
the main mechanisms of PFAS sorption in soil.

Li et al. (2019) mention another type of interaction, the formation of hydrogen bridges
(hydrogen bonding) between PFAS and the mineral fraction of the soil. Hydrogen bridges are
formed between the oxygen contained in the functional group of PFAS and the hydroxyl group
contained in aluminum and iron oxides.

3.5.2 Properties of PFAS affecting soil sorption

Due to their specific properties, PFAS behave differently in soil compared to other
organic substances (Li et al. 2019). Organic substances, or contaminants, are hydrophobic
substances without a charge. PFAS, on the other hand, contain a charge and are also
hydrophobic and hydrophilic at the same time (Li et al. 2019; Mei et al. 2021). These properties
must be reflected when describing the behavior of PFAS in soil and their subsequent transport
to plants (Mei et al. 2021).

PFAS are generally referred to as substances with a low sorption potential (Wang et al.
2020a). Their ability to sorb onto soil particles or release into the soil solution is influenced by
the length of the carbon chain in the PFAS molecule (Mei et al. 2021). Short PFSAs and PFCAS
are more poorly sorbed in soil. These substances are more soluble and therefore more mobile
in the environment (Ghisi et al. 2019; Wang et al. 2020a). Specific examples of different
sorption of PFAS representatives are given in their work by Fabreagat-Palau et al. (2021). Low
sorption capacity to soil particles was observed for PFBA, PFBS, and PFHXA, while PFHXS,
PFOA, PFOS, and PFNA were better sorbed. Longer-chain PFAA are more likely to form
(hemi)micelles. These micelles increase the size of the compound, resulting in a decrease in
hydrophobicity. Compounds with lower hydrophobicity are less sorbed to soil particles and are
better accepted by plants (Mei et al. 2021).

Sorption of PFAS in soil is influenced by the functional group present (Wang et al. 2020a)
and the charge that this group carries (Mei et al. 2021), in addition to the length of the CF chain.
More PFAS with a sulfone functional group is sorbed on soil particles compared to PFAS with
a carboxyl functional group, even with the same number of carbon atoms in the chain (Ghisi et
al. 2019; Li et al. 2019; Wang et al. 2020a). The difference in PFAS sorption in the soil can be
partially explained by the different bioaccumulation potentials of PFAS in plants, as plants take
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up homologs with a carboxyl functional group more (Wang et al. 2020a). In terms of charge,
negatively charged PFAS represent the greatest danger to the environment, as they have the
lowest value of the sorption coefficient Kq. Positively charged PFAS, zwitteronic PFAS, and
uncharged PFAS are better sorbed onto soil particles (Mei et al. 2021).

3.6 PFAS in plants

Uptake of PFAS by plants, specifically through their roots, has been observed in many
plant species. Apart from the roots, plants are also able to take up PFAS through the above-
ground biomass, albeit to a minimal extent (Wang et al. 2020a). In the atmosphere, PFAS with
short chains are found in higher concentrations. These short PFAS can be found in two forms.
In the first case, PFAS can be bound to solid particles. In the second case, they can be in the
vapor phase, even if they have a low vapor pressure (Jin et al. 2018).

3.6.1 PFASin root

Roots play a major role in the uptake of nutrients needed by plants. Along with nutrients,
the roots can also absorb contaminants, including PFAS, which are found in the soil (Wang et
al. 2020a; Colomer-Vidal et al. 2022). The exact mechanism of PFAS transport into plants is
not yet fully understood and requires further research in this area (Wang et al. 2020a; Wang et
al. 2020Db). Only certain aspects of this transport are known. PFAS dissolved in the soil solution
(Mei et al. 2021) move to the root based on the concentration gradient (Wang et al. 2020a; Mei
et al. 2021) and the water potential gradient, which arises resulting in plant transpiration (Mei
et al. 2021; Colomer-Vidal et al. 2022). Transpiration generally plays an important role in the
uptake of xenobiotic substances by plants (Wang et al. 2020a).

The actual passage of PFAS into plants, according to Wang et al. (2020b), Zhang et al.
(2020), and Xu et al. (2022), occurs through diffusion via carriers (water channels, sometimes
called aquaporin channels and anion channels) (Wang et al., 2020b; Mei et al., 2021; Xu et al.,
2022). This energy-independent process runs in the direction of the energy gradient (Wang et
al. 2020b). However, according to Wang et al. (2020b), terrestrial plants are also able to absorb
PFAS actively, i.e. with the use of energy. This process is again mediated by membrane carriers,
whose size is greater than the average bond length between fluorine and carbon atoms, which
is approximately 1.35 A. The diameter of the narrowest water channel is 2.8 A, and the average
size of the anion channel is even larger. Wang et al. (2020a) and Mei et al. (2021) confirmed
the ability of plants to actively absorb PFAS, depending on the plant species and the type of
PFAS. In the case of corn, active transport of PFOA was observed, but not PFOS; while in
wheat, both compounds were actively transported to the root of the plant.

Once PFAS are absorbed by the root epidermis (Zhang et al. 2020; Xu et al. 2022), these
compounds are transported through various routes through the cortex, and endodermis into the
vascular root tissues of the plant (Wang et al. 2020a; Mei et al. 2021; Xu et al. 2022). Wang et
al. (2020a), Zhang et al. (2020), and Xu et al. (2022) mention 2 transport pathways of PFAS
into the plant’s vascular tissue:

- apoplastic pathway,
- symplastic pathway.
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Mei et al. (2021) also mention the transmembrane pathway in their work. If PFAS move
outside the cells along the cell walls, this is the apoplastic pathway. The symplastic pathway
describes the movement of PFAS through plasmodesmata in the cell (Mei et al. 2021; Xu et al.
2022). The transmembrane pathway refers to the transport of PFAS through cell membranes
and cells (Wang et al. 2020b; Mei et al. 2021). The transport of PFAS into the plant’s vascular
root tissue is shown in Figure 3.

(b) Vertical section

—» Apoplastic pathway
T —» Symplastic pathway
TTTTTT —— Casparian strip

(c) Horizontal section el

e
(d) Cell membrane S
«

(\ ‘-\

V‘ L/p/d P‘ Protein C° Phospholipid

uter f
s _/ molecule
hydrophilic — ' :
hydrophob:c Phospholipid
b/layer
hydrophilic —

Figure 3: Possible transport of PFAS into the plant root (modified from Mei et al. 2021).

After reaching the vascular root tissues, i.e. phloem and xylem (Mei et al. 2021), PFAS
are transported via transpiration stream in the xylem to the aboveground parts of the plant
(Wang et al. 2020a; Zhang et al. 2020). However, Mei et al. (2021) and Xu et al. (2022) pointed
out that PFAS can also be transported through the phloem. From the mechanism of
transpiration, it can be inferred that PFAS will accumulate in vegetative organs that absorb
more water, and at the same time contain enough sorption sites for the binding of contaminant
molecules (Wang et al. 2020a).

3.6.2 PFAS in aboveground biomass of plant

PFAS transported by xylem tend to accumulate in the shoot (Zhang et al. 2020),
specifically in the leaf (Wang et al. 2020b; Mei et al. 2021). As a result of transpiration, PFAS
molecules remain in the leaves, while water molecule transition into the atmosphere (Wang et
al. 2020b; Mei et al. 2021). Phloem-transported PFAS reach the fruit (Mei et al. 2021).

Dissolved PFAS can be gradually absorbed by cell walls in roots, stems, and leaves. Part
of PFOS and PFOA can pass through the cell walls and get through the cell membrane to the
organelles. Organelles containing 15-30% lipids and cell walls play an important role in the
storing of poorly soluble lipophilic organic pollutants. Nevertheless, PFAS were more
represented in the soluble phase. The reason could be the repulsion of anionic PFAS from the
negatively charged cell walls. PFOS accumulated better in cell walls and organelles of leaves
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and roots compared to PFOA. PFOA was much more represented in the soluble fraction. This
distribution of PFOA did not match the behavior of poorly soluble lipophilic contaminants
(Wang et al. 2020b).

3.6.3 What affects the uptake and movement of PFAS in plants?

The transport of PFAS from the soil to the root and then through the vascular root tissue
to the aboveground biomass is influenced by several factors. This movement is influenced by:

- the environment (or abiotic factors),
- plant physiology,
- the PFAS molecule Ghisi et al. 2019; Wang et al. 2020a; Zhang et al. 2020; Mei et al.
2021).
Wang et al. (2020a) and Wang et al. (2020b) include as factors also the duration of PFAS

exposure to plants.
3.6.3.1 Abiotic factors

Environmental influences can include variables such as pH, salinity, and soil temperature
(Ghisi et al. 202019; Wang et al. 2020a; Wang et al. 2020b; Zhang et al. 2020). The influence
of organic matter and generally soil properties, which the mentioned authors also consider
important for understanding the movement of PFAS in the environment, has been described in
previous chapters.

An increase in temperature can accelerate transpiration and metabolism, resulting in
higher uptake and accumulation of contaminants in plants (Ghisi et al. 2019; Wang et al. 2020a;
Mei et al. 2021). With a temperature increase of 10 °C from 20 to 30 °C, PFAS accumulation
in the plant increased 1.5-2.3 times. The uptake of longer PFAS was more affected by the
change in temperature (Wang et al. 2020a). Mei et al (2021) observed an increase in the
concentration of all tested PFCA with increased temperatures, but longer-chain PFCA
accumulated more rapidly.

An increase in salinity has the opposite effect on transpiration compared to an increase in
temperature. With a decrease in transpiration, the plant receives less water, and thus fewer
nutrients and contaminants in water. However, the opposite trend was observed in hydroponic
experiments. With increases in salinity, plants took up more PFAS. The reason could be
physiological changes in plants or changes in the physico-chemical properties of PFAS.

The effect of pH on PFAS uptake has not yet been fully explained, but a higher uptake of
short-chain PFAS (e.g. PFBA, PFHxA) was observed with increasing pH (Wang et al. 2020a).
Mei et al. (2021) relate pH to plant growth. A pH value around 6 is optimal for plant growth,
resulting in rapid uptake of PFAS.

The initial concentration of PFAS in the soil (Ghisi et al. 2019; Wang et al. 2020a; Wang
et al., 2020b) as well as their accessibility (Zhang et al. 2020) also play a significant role in
plant uptake of PFAS. Zhang et al. (2020) observed an increase in PFAS in plant parts together
with an increase in soil PFAS concentration.

The behavior of PFAS in the environment is also influenced by the length of time they
spend in the soil. Reduced availability of PFAS to plant roots over time has been observed as
these contaminants are sequestered in the soil (Wang et al., 2020a; Wang et al., 2020b).
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3.6.3.2 Plant

The plant species and its physiology (specifically the presence of the Casparian strip and
the content of proteins and lipids in the root) also influence PFAS transport into the plant (Ghisi
et al., 2019; Wang et al., 2020b; Mei et al., 2021; Xu et al., 2022), as well as the growth phase
(Wang et al., 2020a). Differences between plants lead to different rates of transpiration,
resulting in significant variations in PFAS accumulation across plant species (Wang et al.
2020a).

The influence of plant species on PFAS transport and accumulation was studied by Mei
et al. (2021). In zucchini, PFPeA was transported by xylem and subsequently accumulated in
leaves. In hydroponically grown tomatoes, PFPeA was transported by the phloem and
accumulated in the fruit.

The influence of the Casparian strip on PFAS transport in the root was investigated by
Wang et al. (2020a), Wang et al. (2020b), and Mei et al. (2021). Casparian strips are structures
made of hydrophobic suberin and lignin that prevent the transport of water with dissolved PFAS
between cells from the cortex to the vascular root tissues of the plant (Wang et al. 2020b). PFAS
with longer chains penetrate these Casparian strips less effectively. Therefore, longer PFAS
molecules tend to accumulate in the root, while shorter-chain PFAS may accumulate more in
the aboveground parts of the plant (Wang et al. 2020a). For plants that do not have a Caspian
strip in the root (radish, carrot), higher contaminant transport into the aboveground biomass is
expected, regardless of the length of the CF chain (Mei et al. 2021).

The lipid and protein content in the plant root also plays a significant role in PFAS uptake.
These substances, whose content varies depending on the plant species, can interact with PFAS
in ionic form through electrostatic and hydrophobic interactions. These interactions play a key
role in PFAS uptake into the plant root (Xu et al. 2022). Wang et al. (2020a) and Colomer-
Vidal et al. (2022) observed an increase in the concentration of longer PFAS molecules (PFOA,
PFOS) with increasing protein content. The opposite trend was observed with increasing lipid
content in the root (Wang et al. 2020a).

3.6.3.3 PFAS molecule

The properties derived from the structure of this molecule also play an important role in
the transport of PFAS. The movement of the plant is influenced by:

- length of CF chain,

- present functional groups,

- water solubility

- volatility (Wang et al. 2020a; Mei et al. 2021).

The number of carbon atoms in the chain together with the molecule’s structure (linearity
vs. branching) influences the mobility of PFAS not only in the soil but also in the plant (Ghisi
et al. 2019; Wang et al. 2020a; Colomer-Vidal et al. 2022; Xu et al. 2022). PFAS with longer
chains are less bioavailable to plants as they are more sorbed to soil particles. In contrast, PFAS
with shorter chains, due to their smaller molecular size and higher solubility, can penetrate plant
layers (e.g. the epidermis, cortex, endodermis, and pericycle) into the vascular bundle. The
boundary between shorter and longer molecules varies among authors. According to Ghisi et
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al. (2019) and Colomer-Vidal et al. (2022), PFAS with 4 to 6 carbons (PFBA, PFPeA, and
PFHxA) are accumulated in leaves and fruits, longer molecules in the root (PFOA, PFOS).
According to Zhang et al. (2020), PFCA with more than 6 carbon atoms and PFSA with more
than 4 carbon atoms in the chain accumulate in the root. Xu et al. (2022) observed root
accumulation of PFCA with 7 or more carbons in the chain and PFSA with more than 6 carbons
in the main chain.

The solubility of the molecule is also influenced by its structure. It has been found that
branched forms of PFOS and POFA are more transported than linear isomers, due to their lower
hydrophobicity compared to linear PFAS (Mei et al., 2021; Xu et al., 2022). Therefore, it is
possible to assume that short and branched PFAS molecules will be preferentially transported
and accumulated (Xu et al., 2022).

The sorption capacity of PFAS in plants is influenced by more than chain length, it is also
affected by the main functional group (Ghisi et al. 2019; Wang et al. 2020a). PFAS with a
carboxyl functional group is significantly more accumulated in plants than the same-length
PFAS with a sulfone functional group (up to 100 times higher accumulation in potatoes, oats,
or maize). In contrast, PFAS with a sulfone functional group is about 1.7 times more
accumulated in soil (Wang et al. 2020a). This reduced accumulation of PFSA in plants is
probably due to the larger size and hydrophobicity of PFSA molecules. The uptake of PFAS by
plants can also be influenced by other functional groups (-NH-, -OH) in the molecule (Mei et
al. 2021).

3.7 Biochar as PFAS remediation agent

Efforts to prevent the release of PFAS from the soil and the subsequent contamination of
surface and groundwater have been the subject of research for several decades. The optimal
solution appears to be the use of carbon-based sorbents. They can effectively immobilize
organic contaminants on their surfaces, resulting in their reduced release into the environment
(Sermo et al. 2021). Today, activated carbon and biochar are used as PFAS sorbents (Sermo et
al. 2021). Activated carbon, produced from anthracite, is currently the most commonly used
PFAS sorbent in the soil. However, its production is energetically and chemically expensive.
That is the reason, why biochar has been recently used. The advantage of this sorbet is greater
sustainability compared to activated carbon (Sermo et al. 2021; Krahn et al. 2023).

In addition to the sorption of inorganic and organic contaminants in the soil (Yaashikaa
et al. 2020), biochar can be used for carbon sequestration, wastewater treatment, energy
production, catalysis, or soil quality improvement (Yaashikaa et al. 2020; Thoma et al. 2022).

3.7.1 Production of biochar

Biochar is a solid carbonaceous residue (Sermo et al. 2021) formed during several types
of processes:
- hydrothermal carbonization
- gasification
- flash carbonization
- torrefaction
- pyrolysis (the most commonly used process) (Yaashikaa et al. 2020).
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All these processes are thermochemical decomposition occurring at elevated
temperatures and without access to oxygen (Hu & Gholizadeh 2019). Many raw materials can
be pyrolyzed (Thoma et al. 2022). Agricultural residues (rice straw, wheat straw, waste wood,
sugar beet tailings, corn cob) (Yaashikaa et al. 2020), sewage sludge (Thoma et al. 2022; Krahn
et al. 2023), food waste, waste tires, and waste mixtures are most often pyrolyzed (Sermo et al.
2021).

During pyrolysis, three products are generated:

- biochar,

- hydrogen-rich synthesis gas (syngas),

- pyrolysis oil (sometimes named even as bio-oil) (Hu & Gholizadeh 2019; Thoma et al.
2022).

Pyrolysis takes place under various conditions, resulting in biochars with different
physicochemical properties (Sermo et al. 2021). Conditions that affect the biochar properties
are:

- temperature of pyrolysis,
- heating speed,
- pyrolysis duration.

The properties of biochar are also influenced by the processed material. When comparing
pyrolysis with classical combustion, it is evident that apart from the different conditions,
different end products are also created. Pyrolysis produces biochar with many interesting
properties, while combustion generates ash. At the same time, less carbon, nitrogen, and sulfur
oxides are released during pyrolysis compared to the combustion of waste materials (Thoma et
al. 2022).

The average temperature of the pyrolysis process ranges from 300 °C to 700 °C (Hu &
Gholizadeh 2019). Thomas et al. (2022) reported an average pyrolysis temperature range from
500 °C to 800 °C. The widest range of temperatures is reported by Yaashikaa et al. (2020),
namely 250 to 900 °C. The temperature increase during the process is rapid. Pyrolysis process
takes place under atmospheric pressure (Hu & Gholizadeh 2019).

The temperature of the process affects the resulting specific surface area of biochar. To
achieve a significant porosity and a sufficiently large specific surface area of the biochar, a
temperature of at least 600 °C is required. With increasing pyrolysis temperature, the ability of
biochar to sorb PFAS on its surface increases, but the yield of biochar decreases (Sermo et al.,
2021). The adsorption of PFAS on biochar is also influenced by functional groups on the
biochar surface or the cation exchange capacity (Yaashikaa et al. 2020). The physicochemical
properties of biochar can be modified by the addition of acidic, alkaline, or oxidizing agents
which alter the biochar surface (Yaashikaa et al. 2020).

3.7.2 Pyrolysis process

During pyrolysis, water evaporation occurs first at a temperature of around 100 °C, which
results in a reduction in the weight of the input material (Yaashikaa et al. 2020). This is followed
by the degradation of large molecules into smaller ones. The decomposition of cellulose occurs
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at temperatures between 305-375 °C. Cellulose is first depolymerized to form levoglucosan,
which is further converted into hydroxymethyl furfural through dehydrogenation. This
substance can further decompose into liquid and gaseous products such as carbon monoxide,
carbon dioxide, hydroxyacetaldehyde, hydroxyacetone, and acetalaldehyde. Hydroxymethyl
furfural can also undergo several reactions (aromatization, condensation, and polymerization)
to re-form solid biochar. The decomposition of hemicellulose follows a similar process to
cellulose but at temperatures of 200-350 °C. Hemicellulose is initially depolymerized into
oligosaccharides. These are subsequently transformed into biochar through a series of
transformations or broken down into syngas and pyrolysis oil. The degradation of lignin takes
place at higher temperatures (200-450 °C) and is more complex than the decomposition of the
previously mentioned substances. At the same time, free radicals are produced during the
decomposition of lignin (Yaashikaa et al. 2020; Hu & Gholizadeh 2019).

In the primary phase, a solid carbonaceous residue and a condensable gas are formed.
Condensable gas further decomposes into carbon monoxide, carbon dioxide, hydrogen,
methane, and ethane. These non-condensable gases can be burned to generate the heat necessary
for the pyrolysis process (Wallace et al. 2023).

3.7.3 Biochar from Sewage Sludge in relation to PFAS

The use of sewage sludge to produce biochar is a relatively new practice (Krahn et al.
2023). Sewage sludge itself may contain varying amounts of heavy metals, pathogens,
microplastics, or organic contaminants including PFAS. PFAS can be released from
contaminated sewage sludge during sludge treatment before pyrolysis (dewatering, drying of
biosolids) or can be detected in pyrolysis products (biochar, pyrolysis gas, and oil) (Wallace et
al. 2023). However, the resulting biochar from this potentially contaminated source has been
found to contain lower levels of organic contaminants (including PFAS) and no pathogens
(Thoma et al. 2022; Krahn et al. 2023). During pyrolysis at temperatures of 500-800 °C, more
than 80% of 15 to 22 types of PFAS were removed from biochar and condensates. The
exception was short-chain PFAS, which remained in pyrolysis products (Wallace et al. 2023).
Thomas et al. (2022) reported a removal level of PFAS from biochar and condensates greater
than 90%. Pyrolysis-treated sewage sludge can then be used to sorb toxic and bioaccumulative
PFAS in soil (Wang et al. 2020a; Krahn et al. 2023). Stabilized sewage sludge that has not been
pyrolyzed is not suitable for PFAS sorption in the soil. However, unlike biochar, it is a source
of nitrogen (Thoma et al. 2022).

The process of removing PFAS from sewage sludge is not studied in detail and further
research is needed, however, the basic mechanisms of this process are described (Thoma et al.
2022). As the temperature increases during pyrolysis, bonds between carbon atoms break first,
followed by bonds between fluorine and carbon atoms. A mixture of volatile organofluorine
compounds (e.g. tetrafluoroethylene, difluorocarbene, trifluoromethyl radicals, 1H-
perfluoroalkanes, and perfluoroolefins) transitions into the gas phase. These substances can
become part of the syngas or can be absorbed into solid particles (Thoma et al. 2022; Wallace
et al. 2023). At the same time, residues or transformed PFAS may remain in the solid fraction
(biochar) (Thoma et al. 2022). Short PFAS such as PFBA and PFPeA may volatilize unchanged
during the drying process or when pyrolysis is initiated or terminated (Wallace et al. 2023).
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According to Krahn et al. (2023), the sorption surface (expressed by the volume and the
internal surface of the pores) of sludge biochar is smaller than for wood biochar. However,
sludge biochar had more pores in the size range suitable for sorbing branched PFCA molecules
compared to wood biochar. Despite the more optimal pore size distribution of sludge biochar,
its effectiveness in the soil can be reduced by soil particles that block the pores. Large organic
acids and humic substances in soils rich in organic matter have a similar effect. Reduced
sorption capacity to sludge biochar was also demonstrated when contaminated with PFCA
mixtures.

The utilization of sewage sludge in biochar production represents the economic and
ecological management of this waste, resulting in a product with a wide range of applications.
Nevertheless, it has been shown that not all PFAS can be absorbed equally effectively by
biochar from sewage sludge. Short-chain PFCA, i.e. PFPeA, PFHxA, and perfluoroheptanoic
acid (PFHpA), which now represent an increasing threat to the environment, were poorly sorbed
onto biochar. The reason for the poorer sorption of shorter PFCA on biochar may be the lack
of sites for ion exchange. lonic interactions may predominate with these short molecules over
the hydrophobic interactions observed with longer PFCAs (Krahn et al. 2023).

3.7.4 Biochar from timber waste as a sorbent of PFAS

Biochar produced from wood biomass can be used for the sorption of PFAS (or organic
micropollutants in general) in water and soil (Askeland et al. 2020; Hagenmann et al. 2020;
Sermo et al. 2021). The effectiveness of wood biochar in sorbing organic micropollutants
(anticorrosives, drugs, biocide) in wastewater was investigated by Hagenmann et al. (2020).
Micropollutants contained in the water were eliminated after the addition of wood biochar. The
application of wood biochar to soil reduced the leaching of selected PFAS from the soil
(Askeland et al. 2020; Sermo et al. 2021). However, the effectiveness of biochar varies
depending on the characteristics of the biochar, type of congener, and soil properties (Askeland
et al. 2020).

The specific surface area of biochar can be influenced by the pyrolysis temperatures, just
as in the case of sewage biochar. At temperatures of 500-600 °C, the pyrolyzed material had a
smaller specific surface area (130-280 m? g ') and larger pores (pores > 1.5 nm) than the same
material pyrolyzed at higher temperatures (specific surface area: 450-525 m? g~ !, pore size
0.3-1.5 nm) (Sermo et al. 2021).

Steam, CO», and/or air activation also affect the size of the specific biochar surface
(Hagemann et al. 2020). Activation is a process that creates new nanopores (<2 nm), resulting
in an increase in the specific surface area of the biochar (Sermo et al. 2021). According to
Hagemann et al. (2020), this activation played a greater role in PFAS sorption than the quality
of pyrolyzed wood.

As with sludge biochar, PFAS with a shorter chain (3 to 4 carbon atoms per molecule) is
more difficult to sorb onto the surface of wood biochar compared to PFAS with 5 or more
carbon atoms per molecule (Sermo et al. 2021). This happens based on the electrostatic
repulsion of negatively charged PFAS from negatively charged or polar oxygen-containing
functional groups on the surface of the biochar. However, for PFAS with a longer chain,
hydrophobic interactions prevail during sorption, and therefore they can be more efficiently
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sorbed on the surface of biochar (Hagemann et al. 2020; Sermo et al. 2021). Apart from the
chain length, the functional group of the PFAS molecule also affects the sorption of biochar.
Sermo et al. (2021) observed stronger sorption of PFBS on wood biochar compared to PFPeAf
with one carbon atom longer chain. However, the influence of the functional group on the
sorption of PFAS with longer chains was not apparent. Askeland et al. (2020) also observed
differential sorption of PFSA and PFCA onto wood biochar. PFHXS with 6 carbon atoms in the
backbone chain was more strongly sorbed onto biochar in the soil compared to PFOA with 8
carbon atoms in the chain.

The effectiveness of wood biochar also depends on the properties of the soil to which it
is applied. The sorption of PFAS is influenced by specific fractions of organic matter, such as
carbohydrates, proteins, fulvic acids, and humic acids (Askeland et al. 2020). In soils with a
lower TOC content, PFAS leaching was significantly reduced after the application of biochar
compared to soils with a higher TOC content. In soils with a higher organic matter content, as
in the case of sludge biochar, the pores were clogged with soil organic molecules. At the same
time, soils with high TOC strongly sorb PFAS themselves. To overcome this soil sorption and
prevent the leaching of PFAS, a higher dose of biochar is needed than in soils with low TOC
content. In soils with low TOC, a 0.5% dose of biochar reduced PFAS leaching by more than
90%. Increasing the biochar dose further reduced the leachability of PFAS (Askeland et al.
2020; Sermo et al. 2021). In soils with high TOC, leaching was reduced by a maximum of 60%
with a biochar dose of up to 5% (Sermo et al. 2021).

3.8 PFAS in the human organism

For a long time, global PFAS contamination went undetected. The first study pointing to
the presence of fluorine in organic forms in human serum appeared in 1968. Since then, long-
chain PFAS, including PFOA and PFOS, have been subject to observation and research (Munoz
etal. 2019). Since 2000, PFOS, like other long-chain PFAS, has been phased out due to toxicity
and accumulation in the environment (Bao et al. 2017).

People are exposed to toxic, persistent, and bioaccumulative (Bao et al. 2017; Munoz et
al. 2019; Wang et al. 2020a) PFAS mainly by consuming contaminated food or through
contaminated water (Munoz et al. 2019; Mei et al. 2021; Kancharla et al. 2022), further through
contaminated indoor air and dust (Mei et al. 2021). PFAS can also get into food, and then into
people, through food packaging (pizza boxes, popcorn bags), food packaging paper, or when
using dishes (nonstick cookware) (Kancharla et al. 2022). In the human body, PFAS have been
found in the blood, liver, and kidneys (Bao et al. 2017; Ghisi et al. 2019; Kancharla et al. 2022).
The half-life of PFOA and PFOS in the liver is an average of 3.8 years for PFOA and 5.4 years
for PFOS (Ghisi et al. 2019). F-53B substitute has the longest half-life (15.3 years) of all PFAS
(He et al. 2022).

Studies investigating the toxicity of PFAS (mainly PFOA and PFOS) rely on experiments
on laboratory animals, as human studies have not produced clear results (Ghisi et al. 2019).
PFAS can act as endocrine and metabolic disruptors in humans, they can increase cholesterol
levels (Cousins et al. 2020), cause thyroid gland dysfunction, immune response suppression,
kidney disease, neurodevelopmental problems, and cardiovascular disease (Wang et al. 2020a;
Kancharla et al. 2022) and cancer (Cousins et al. 2020; Wang et al. 2020a; Kancharla et al.
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2022). In 2017, PFOA was classified by the International Agency for Research on Cancer as a
potential human carcinogen causing kidney and testicular cancer (Xu et al. 2022). PFAS also
has a negative effect on the lungs, and the reproductive system (Mei et al. 2021) and can damage
the intestines and intestinal microflora (Gui et al. 2023). At the same time, PFAS can pass from
mother to fetus through the umbilical cord (Ghisi et al. 2019). High placental permeability was
observed in F-53B (He et al. 2022).

For PFAS with a shorter chain (perfluorobutanoic acid, perfluorohexanoic acid,
perfluorobutane sulfonic acid), which serve as substitutes for PFOA and PFQOS, the toxicity has
not been investigated in detail (Ghisi et al. 2019). However, some studies suggest that shorter-
chain PFAS are more toxic than the PFAS they replaced (Leung et al. 2023). An example is
GenX, which according to the EPA is more toxic than PFOA, which this substance was
supposed to advise. At the same time, there are indications that GenX may cause cancer after
consumption (Kancharla et al. 2022). The toxicity of the OBS substitute has not been fully
investigated, but it is believed to be as toxic and persistent as other PFAS. Therefore, the spread
of this substitute in the environment and increased human exposure are of serious concern (Bao
et al. 2017; Zhou et al. 2022). F-53B is considered moderately toxic based on preliminary
studies (Xu et al. 2021).

3.9 Limits of PFAS in the environment

The increasing concentration of PFAS in the environment has brought with it limits for
these substances. In 2008, the European Food Safety Authority (EFSA) set the acceptable
weekly intake for PFOA at 1,500 ng/kg body weight and for PFOS at 150 ng/kg body weight.
These limits have been tightened in the case of PFOS roughly 1,000 times in recent years and
the case of PFOA almost 10,000 times. Acceptable weekly intake values are currently set for
the sum of four selected PFAS accumulating in the human body (PFOA, PFOS, PFNA, PFHXS)
and amount to 4.4 ng/kg of body weight (Kule et al. 2021).

The US Environmental Protection Agency (USEPA) drew attention to the presence of
PFOS and PFOA in water. The concentration of PFOA and PFOS in the drinking water of more
than 6 million US residents exceeded 70 ng/L, i.e. the health advisory level (Hopkins et al.
2018) (concentration at which adverse effects are not expected to occur during life) (EPA
2023d). Based on these findings, safe limits for PFAS in drinking water have been established.
On WHO's recommendation, these limits were incorporated into the new Drinking Water
Directive 2020/2184/EC (Huskova & Vojtéchovska Sramkova 2021). The limit for the total
amount of PFAS is 500 ng/L of drinking water, for selected 20 PFAS the limit is set to 100
ng/L of drinking water (Huskova & Vojtéchovska Sramkova 2021; Kule et al. 2021). The
selected PFAS include 10 C4-C13 perfluoroalkyl acids (PFBA - PFTrDA) and 10 C4-C13
perfluoroalkyl sulfonic acids (PFBS - PFTrDS). The limits from the European directive are
gradually reflected in the Czech legislation. When amending Decree No. 252/2004 Coll.
(hygienic requirements for drinking warm water) a limit of 100 ng/L for the sum of 20 PFAS
and a limit of 10 ng/L for the sum of PFOS, PFOA, PENA, PFHxXS was set (Kule et al. 2021).
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4 Methodology

The experimental part of the thesis consisted of a pot experiment and subsequent
laboratory analyses of the biomass samples. The pot experiment was carried out in the outdoor
precipitation-controlled vegetation hall of the Department of Agro-Environmental Chemistry
and Plant Nutrition located in the university campus in Prague, Czech Republic. In the
vegetation hall, the plants were protected from the precipitation water, had natural sunlight, and
the temperatures were of natural ambient temperature. The cultivated plants were Cucurbita
pepo L., a variety of zucchini. A total of 90 zucchini plants were grown on agricultural soil
originating from vicinity of Humpolec city, Czech Republic. The soil collection site is located
at an altitude of 527 m above sea level. The average annual precipitation is 603 mm, and the
average temperature is 7.1 °C. The values of the basic parameters characterizing the soil are
shown in Table 4.

Table 4: Basic characteristics of the soil in the pot experiment (Mercl et al. 2016;
Ochecova 2016).

Soil characteristics Values
Soil type Cambisol
Soil texture Loam
pPHH20 52+0.1
Cation exchange capacity (mmol kg) 121 +£2
Total C (%) 1.6+0
Total N (%) 0.15+0
Available Pwenlich 3 99 +2

Wood biochar (WBC) was mixed with the soil in 30 flowerpots, sludge biochar (SSBC)
was mixed with the soil in another 30 flowerpots, and the remaining 30 flowerpots served as a
control. Sludge biochar was produced at a temperature of 600 °C using the Pyreg technology,
which is installed at the Wastewater treatment plant in Bohuslavice — Trutnov, Czech Republic.
Wood biochar is produced by ENERGO Zlata Oles$nice s.r.o. from wase wood chips at a
temperature of 300-600 °C. Cultivated plants were irrigated with PFAS, PPCP, and
PFAS+PPCP solutions. This thesis works only with data from plants irrigated with a solution
of PFAS and a control treatment (methanol added instead of PFAS standard). There are 30
plants in total, each group counted 5 repetitions. The scheme of the experiment is shown in
Table 5.

Table 5: Scheme of the pot experiment.

Tap water PFAS
Control 1-5 16-20
Control + SSBC 6-10 21-25
Control + WBC 11-15 26-30

The table represents the scheme of the experiment described in this thesis. Plants No. 1-
15 were watered with a methanol solution (control treatment), and plants No. 16-30 were
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watered with a PFAS solution. Both groups were further divided according to variants, which
always included 5 flowerpots. Flowerpots No. 1-5 (watered with control treatment) and 16-20
(watered with PFAS solution) were designated as control, flowerpots 6-10 (watered with
control treatment) and 21-25 (watered with PFAS solution) were designated as control + SSBC,
and flowerpots No. 11-15 (watered with control treatment) and 26-30 (watered with PFAS
solution) were designated as control + WBC.

4.1 Preparation of an outdoor experiment

The pot experiment was established between June 13 and 14, 2023. On the first day, 90
flowerpots with a volume of 1.5 kg of soil were prepared. The flowerpots and saucers were
cleaned with ethanol before use. 1.3 kg of soil was calculated for each flowerpot. The weight
of the soil was chosen to allow efficient water inflow and to prevent the creation of an
undesirable microclimate supporting the formation of molds. In total, 150 kg of soil (Cambisol
loam) was used. The soil was homogenized and divided into 3 equal segments of 50 kg each.
250 g of limestone and 286 ml of NPK fertilizer were added to each segment. Fertilizer
parameters are listed in Table 6.

Table 6: Parameters of the NPK fertilizer used in establishing the pot experiment.

A sign of quality Value [%] The amount of applied
nutrients [mg/kg]
Total nitrogen as N 7.0 496.5
Ammonium nitrogen as N 5.0 354.64
Nitrate nitrogen as N 2.0 141.86
Phosphorus as P 3.06 216.78
Potassium as K 4.15 294.28
Sulfuras S 2.0 141.86
Zinc as Zn 0.005 0.35
Copper as Cu 0.005 0.35
Molybdenum as Mo 0.002 0.14
Iron as Fe 0.02 1.42
Manganese as Mn 0.01 0.71
Boron as B 0.01 0.71

One 50 kg segment enriched with limestone and fertilizer was left as a control, SSBC
(261.5 g) and WBC (86.9 g) were added to the other two. The total weight of added biochar
depended on the weight of biochar in one pot. It was determined that the biochar would occupy
0.5% of the weight in the flowerpot, i.e. 6.5 g. The resulting weight of biochar was further
modified based on the moisture and C content values to achieve the same C content supplied
by the biochar in each pot. Moisture content, C, H and N content, and H/C molar ratio, which
were determined based on laboratory measurements, are shown in Table 7.
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Table 7. Parameters of sludge and wood biochar used in the pot experiment.

Sludge biochar | Wood biochar

Moisture [%] 5 13

C content [%)] 27.48 90.76

H content [%] 1.35 0.94

N content [%] 3.19 0.22
H/C molar ratio 0.59 0.124
Applied amount 5.23 1.74

of biochar [g/kg]

In variants 6-10, and 21-25 (see Table 4), 6.8 g of SSBC was added to 1.3 kg of soil, in
variants 11-15, and 26-30 (see Table 4) an additional 2.26 g of WBC was added. In total, 261.5
g of SSBC was added to one 50 kg part of the soil, and 86.9 g of WBC to the other. The soil
was homogenized again after the addition of biochar. After filling the pots with soil, the pots
were randomly distributed in the greenhouse to ensure equal conditions for all plants. Then the
pots were randomized once a week.

On the second day, i.e. 14/06/2023, 2 zucchini seeds were planted in each pot, and 0.1 g
of diatomaceous earth was applied to them. The diatomaceous powder was added as a control
because the experiment consisted of arbuscular mycorrhizal fungi treatment but that was not
part of this thesis. Then the seeds were covered with soil, and the soil was pressed.

Figure 4: Zucchini seeds with diatomaceous earth applied before covering with soil (own
photo documentation).

4.2 lrrigation

Plants were initially watered to 60 % water capacity. This value was chosen as an optimal
compromise between the amount of water and air in the pores needed for plant emergence. In
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the middle of the experiment, this value was raised to 75 %, because at 60 % filling of the pores
with water, the plants tended to dry up very fast. From the establishment of the experiment until
29/06/2023, the plants were irrigated with tap water, and then, when number of emerged plants
per pot was reduced to one, prepared solutions of contaminants were used for irrigation. Then
plants 1-15 were irrigated with the control solution, and plants 16-30 were irrigated with the
PFAS solution.

4.3 Preparation of chemicals

Before each watering, the appropriate contaminant solutions were prepared from the stock
solution. During the preparation of the solutions and the subsequent watering, care was taken
to avoid contamination of the plants with other contaminants (changing gloves and washing
equipment with ethanol when changing variants). Samples were taken from each prepared
solution into plastic bottles to determine the total concentration of contaminants that were added
to the flowerpot.

4.3.1 Preparation of the stock solution

The stock solution was prepared as a solution of the substances HFPO-DA, HFPO-TA
HFPO-TeA, PFOA and PFOS and methanol in a 100 ml volumetric flask. The effort was to
ensure a concentration of 10 ppm (10 mg/L) of each contaminant in the stock solution. The
resulting volume of contaminants applied to the stock solution was modified based on
contaminant purity, density, and molar mass. PFOA and PFOS as solids had to be dissolved in
MeOH prior to preparing the stock solution. Similarly, liquid PFAS (HFPO-DA, HFPO-TA,
and HFPO-TeA) were firstly 100x diluted by MeOH and then used for the stock solution
preparation.

4.3.2 Preparation of the irrigation solution

The irrigation solutions were prepared in 2l volumetric flasks with a contaminant
concentration of 1ml of stock solution per 11 of water resulting in the final concentration of 10
ug of each contaminant per liter of irrigation water. In total, 2 ml of methanol stock solution
(control) and PFAS were pipetted into the volumetric flask. Contaminants were pipetted into a
small amount of water in a volumetric flask. Subsequently, the volumetric flasks were topped
up to the mark with tap water, closed, and shaken. The resulting amount of water was measured
in a volumetric cylinder. All plants were supplied with the same amount of chemicals.

4.4 Harvest

The harvest took place on August 9. 2023 after 57 days of plant growth (plants during
growth are shown in Figures 5, 6, 7).
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Figure 5: Plants after 14 days of growth, photographed on 6/28/2023 (own photo
documentation).

Figure 6: Plants after 44 days of growth, photographed on 28/7/2023 (own photo
documentation).
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Figure 7: Zucchini fruit after 57 days of plant growth, photographed on 9/8/2023 (photo
by Sreynet Nang).

During harvesting, great care was taken to prevent contamination of the plants with other
contaminants. All tools were regularly washed with methanol. The above-ground biomass of
the plants was cut off and divided into fruit and vegetative organs. The fruits were sliced, the
above-ground biomass was cut, and everything was weighed and wrapped in aluminum foil
(Figure 8). The roots were removed from the soil, washed in tap water, and stored in PP tubes
(50 ml). Parts of the plants were stored in liquid nitrogen in the greenhouse. Subsequently, the
samples were transported to the laboratory and frozen at a temperature of -80°C.
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Figure 8: Cut above-ground biomass of zucchini on a scale (own photo documentation).
4.5 Laboratory part of the experiment

Zucchini fruits were lyophilized (Figure 9) and then crushed in a ceramic mortar (cleaned
with methanol) using liquid nitrogen (Figure 10). Before further analysis, samples were stored
in a freezer at -20°C. The lyophilized and crushed samples were first extracted using the
QUEChERS (Quick, Easy, Cheap, Effective, Rugged and Safe) method. To 0.1 g of crushed
lyophilized sample in tubes (15 ml), internal standard solution of isotopically labelled analogues
was added, sample was vortexed and then 2 ml of Milli-Q water was added. The samples were
vortexed and stored for 10 minutes in a refrigerator (temperature 4°C). After removal from the
refrigerator, 1 ml of acetonitrile (MeCN) was added to all samples, followed by vortexing for
1 minute. Then, the samples were placed in the EIma S 100 H EImasonic sonicator for 5 minutes
(Figure 11). After removal from the sonicator, 0.65 g of QUEChERS salt (4 g MgS04, 1 g NaCl,
1 g Trisodium Citrate Dihydrate, 0.5 g Disodium Hydrogencitrate Sesquihydrate) was added to
the samples. These samples were then vortexed for 1 minute and placed in an Ohaus Frontier
5718R centrifuge for 10 minutes at a temperature of 4°C and a speed of 2490 g. After removal
from the centrifuge, the supernatant was transferred using a Pasteur pipette to a 1.5 ml
Eppendorf tube. From there, 700 ul of the supernatant was transferred with a micropipette into
Eppendorf tubes containing 150 mg MgSO4, 50 mg PSA (primary secondary amine), and 20
mg GCB (graphite carbon black). The samples were vortexed again and placed in a centrifuge
for 10 minutes at a temperature of 4 °C and a speed of 24104 g (Figure 12). After removing the
samples from the centrifuge, 400 pl of the supernatant was transferred to LC/MS vials by
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Pasteur pipetting and was submitted to LC-MS/MS analysis using Agilent 6495B triple
quadrupole mass spectrometer.

Figure 10: Grinding zucchini fruits in a ceramic mortar (own photo documentation).
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Figure 12: Supernatant samples placed in the centrifuge (own photo documentation).
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4.6 Statistical data processing

One-way ANOVA in the Statistica 12 program was used to evaluate the data obtained
from LC/MS. The soil variant (control, soil with WBC, and soil with SSBC) was chosen as a
factor. Data normality was tested using the Shapiro-Wilk test, and differences between variants
were then analyzed using the post hoc Tuckey HSD test. Results were considered statistically
significant at p <0.05. In the Statistica program, the dependence of PFAS concentration on the
weight of zucchini fruits was evaluated using regression analysis. The MS Excel program was
used for the graphical presentation of the results.

A distribution factor was calculated from the data on the amount of contaminants in the
fruits (Equation 3). It is a percentage that represents the proportion of a given contaminant in
the fruit to the total amount of contaminants applied to the plant (Equation 4).

Amount of contaminant [ng] = concentration [ng/g] * yield [g] (3)

Distribution factor [%] = (amount of contaminant *100)/ total amount of chemicals
applied to each pot [ng] 4)

For plant No. 30, which had 2 fruits, the measured amounts of contaminants in both fruits

were summed and subsequently presented as the resulting amount of contaminants for the given
plant. This value was subsequently treated as the other values obtained for plants with 1 fruit.
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5 Results

5.1 Yield of fresh and dried fruit biomass

During watering, each plant was irrigated with 7.815 L of contaminated water. The
concentration of each contaminant in this water was 10 pug/L. Thus, a total of 78.15 pg of each
contaminant (HFPO-DA, HFPO-TA, HFPO-TeA, PFOA, PFOS) was added to each plant.

The average fresh fruit biomass weights with standard deviations are shown in Figure 13.
The average dry fruit biomass weights with standard deviations are shown in Table 8. The
weights of fresh and dry biomass for all plants are shown in Appendix 1. For each plant from
variants 1-30, except for plants No. 4 and 24, the fruit was weighed in a fresh and dry state.
Plant No. 4 did not grow, plant No. 24 had no fruit. In the case of plants with 2 fruits (plants
No. 3, 5, 6, 9, 11, 14, and 30), the weight of both fruits was summed and presented as fruit
weight/pot. Plant No. 4 did not grow, plant No. 24 had no fruit. The values were statistically
evaluated, then averaged under the variants (control, control SSBC, control WBC, PFAS, PFAS
SSBC, PFAS WBC), and converted into a graphic form.

Average weight of fresh biomass [g/pot]

T

400
350
300
250
20
15
10

5

weight [g]
o O O o

o

Control Control Control PFAS PFAS SSBC PFAS WBC
SSBC WBC
variant

Figure 13: Average weight of fresh biomass with standard deviations by variants.

Table 8: Average weight of dry biomass according to variants.

control control PFAS PFAS
variety control SSBC WBC PFAS SSBC WBC
weight
of dry
biomas 16.23 + 9.71 £
s [g] 12.81 747+645 | 6.51 £5.68 5.85 9.79+6.82 | 7.73 £4.05
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After statistical evaluation of the data (fruit weight/pot) in the Statistica program, it was
found that there was no statistically significant difference between the weights between the
variants (p-values were higher than 0.05).

It can be seen from Figure 13 that the largest average weight of fresh biomass was in
Control (272.28 g), even though plant No. 4 did not grow. This increase in weight may be due
to plants with two fruits (plant No. 3 and 5). The smallest average weight of fresh biomass was
found for the variant Control WBC (128.12 g) and Control SBC (128.98 g), even though plants
No. 6, 9 (variant control SSBC), 11, 14 (variant control WBC) had 2 fruits. The same trend can
be observed for dry biomass. The highest average dry biomass weight was observed in the
Control variant (16.23 g), and the lowest in the Control WBC variant (6.51 g).

5.2 The effect of biochar on the amount of PFAS in fruits

The averaged concentration values in dry biomass, are shown together with the standard
deviations in Table 9. In Table 9, the averaged values of the concentration of PFAS in fresh
biomass for the given variants are also shown with the standard deviations. The concentrations
in dry biomass and fresh biomass obtained from individual plants are shown in Appendix 2.
Measurable concentrations of contaminants were found only in plants treated with PFAS
solutions, i.e. in plants no. 16-30. Contaminant concentrations in variants irrigated with the
control solution (plants No. 1-15) were below the LC/MS detection limit. Concentration values
were obtained from LC/MS in pg/ml and subsequently converted to ng/g. In the case of plant
No. 30, which had 2 fruits, the concentration of both fruits was summed and presented as the
resulting contaminant concentration per sum of fruits. The resulting mean contaminant amounts
with standard deviations measured for the 3 variants are shown for HFPO-DA in Figure 14, for
HFPO-TA in Figure 15, for HFPO-TeA in Figure 16, for PFOA in Figure 17 and for PFOS in
Figure 18. The measured amounts of contaminants for each plant are shown in Appendix 3. The
total amount of contaminants in zucchini fruits was calculated as the product of the contaminant
concentration in the fruit [ng/g] and the total amount of dry biomass [g].

Table 9: Average contaminant concentration values with standard deviations in zucchini
fruits according to variants.

HFPO-DA | HFPO-TA |HFPO-TeA| PFOA | PFOS
Variant [ng/g dry biomass]
PFAS 23.41 £8.35 0.1+0.1 <MLOD | 7.23+3.76 | 0.73+0.28
PFASSSSBC | 1437+11.7 026+0.24 |0.16+0.28| 5.63+4.72 | 0.64+0.43
PFAS WBC 3286+16.73 | 0.31+£041 <MLOD | 9.53+8.04 | 0.96+0.58
Variant [ng/g fresh biomass]
PFAS 1.51+0.62 0.01£0.01 <MLOD | 045+0.21 | 0.05+0.02
PFAS SSSBC | 0.77+0.66 0.02+0.01 |0.01+0.02| 0.31+0.29 | 0.04 +0.02
PFAS WBC 1.87 £0.86 0.02 +0.02 <MLOD 0.52+0.4 0.05 +0.03
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Figure 14: Average amount of HFPO-DA with standard deviations by variant.
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Figure 15: Average amount of HFPO-TA with standard deviations by variant.
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Figure 16: Average amount of HFPO-TeA with standard deviations by variant.
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Figure 17: Average amount of PFOA with standard deviations by variant.
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Average amout of PFOS in fruits per variant [ng/pot]
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Figure 18: Average amount of PFOS with standard deviations by variant.

After statistical evaluation of the contaminant concentration [ng/g] in the Statistica
program, it was found that no statistically significant difference between the variants was found
for any contaminant (p-values were higher than 0.05).

From the graphs in Figures 14-18, it can be seen that the highest average amount of
contaminant was measured for HFPO-DA in all variants (Figure 14), with the highest amount
observed in the PFAS WBC variant (278.92 + 286.2 ng). The second highest average amounts
of contaminants were measured for PFOA (Figure 17) in all variants, with the highest amount
observed in the PFAS WBC variant (89.63 + 109.34 ng). The smallest amount of contaminant
was measured in the case of HFPO-TeA (Figure 16) in the PFAS and PFAS WBC variants. The
measured contaminant concentrations, from which the average amount of contaminants per
given variant was subsequently calculated, were below the LC/MS detection limit for all plants
in both variants. The second smallest amount of contaminant was measured for HFPO-TA
(Figure 15) in the PFAS variant (0.8 + 0.97 ng), where HFPO-TA concentrations below the
detection limit of LC/MS were measured in plants No. 17 and 20. The third lowest amount of
contaminant was measured for HFPO-TeA (Figure 16) in the PFAS SSBC variant (2.17 £ 4.2
ng). In this variant, the concentrations from which the amount of HFPO-TeA was subsequently
calculated were found only in 2 plants (No. 23, 25). In the remaining plants, the concentration
was below the detection limit of LC/MS.

Furthermore, it can be seen from the graphs in Figure 14-18 that the highest average
amounts of HFPO-DA (278.92 ng) (Figure 14) and PFOA (89.63 ng) (Figure 17) were found
in fruits grown on the variant with WBC, while in the case of HFPO-TA (3.85 ng) (Figure 15),
HFPO-TeA (2.17 ng) (Figure 16) and PFOS (9.31 ng) (Figure 18), the greatest amount of
contaminants were found in fruits grown on the variant with SSBC. The SSBC variant showed
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higher concentrations of HFPO-TA and PFOS even though plant No. 24 did not grow, and plant
No. 23 had concentrations below the LC/MS detection limit.

5.3 The relationship between the weight of zucchini and the total amount
of contaminants

The dependence of the amount of contaminants [ng] on the mass of dry biomass [g] is
shown for HFPO-DA in Figure 19, for HFPO-TA in Figure 20, HFPO-TeA in Figure 21, PFOA
in Figure 22, and PFOS in Figure 23.
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Figure 19: Graph of the dependence of the amount of HFPO-DA [ng] on the weight of

dry biomass [g].
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Graph of dependence of HFPO-TA on dry biomass
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Figure 20: Graph of the dependence of the amount of HFPO-TA [ng] on the weight of
dry biomass [g].
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Figure 21: Graph of the dependence of the amount of HFPO-TeA [ng] on the weight of
dry biomass [g].
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Figure 22: Graph of the dependence of the amount of PFOA [ng] on the weight of dry
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Regression and correlation analysis in the Statistica program was used to evaluate the
dependence between the amount of contaminant and the weight of dry biomass. From the
obtained data, it is evident that a statistically significant dependence between the amount of
contaminant and the weight of dry biomass was observed in the case of HFPO-DA, PFOA, and
PFOS (p-values were lower than 0.05). In all three cases, the value of R (Pearson’s correlation
coefficient) was greater than 0.6 (Rnrro-pa= 0.82, Rproa= 0.82, Rpros=0.88), and therefore there
is a strong dependence between the mass of dry biomass and the amount of contaminants. R
values and p values are shown in Table 10. As the weight of the dry biomass of the fruits
increased, so did the amount of contained contaminants (linear direct dependence).

Table 10. P values and R values for contaminants statistically dependent on fruit dry
biomass weight

Contaminant p values R values
HFPO-DA 0.00 0.82
PFOA 0.00 0.82
PFOS 0.00 0.88

Among the fruits with the highest dry biomass weight, and therefore the highest, or one
of the highest, amounts of contaminants, are fruits from plants 18, 20 (PFAS variant), 21, 22,
and 25 (PFAS SSBC variant). The highest amounts of HFPO-DA (389.1 ng) and PFOA (175.9
ng) of all replicates were measured in plant No. 21. In the case of PFOS, the second highest
amount of contaminant was measured in plant No. 21 (13.12 ng) after plant No. 26 (14.26 ng).

According to the graph in Figure 20, plants 18, 21, 22, and 25 also contained high values
of HFPO-TA, although for this contaminant no statistically significant dependence between its
amount and the weight of dry biomass was demonstrated.

Not only for HFPO-TA but also for HFPO-TeA, no statistically significant dependence
between the mass of dry biomass and the amount of contaminant was found based on
observations (p-values were higher than 0.05). This fact is also evident from the graphs in
Figures 20 and 21. In the case of HFPO-TeA, measurable concentrations of the contaminant
were found only in plants No. 23 (0.22 ng) and 25 (8.45 ng) in the PFAS SSBC variant. In the
remaining plants, the concentrations of the contaminant were below the limit of LC/MS
detection. For HFPO-TA, undetectable concentration was found in plants 17, 20, 23, 24, 27,
and 30b. In the remaining plants, the amount of HFPO-TA ranged from 0.27 ng (plant No. 26)
to 11.41 ng (plant No. 30a).
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5.4 Distribution factor

The average values of distribution factor for each variant are shown in Table 11. The
values of the distribution factor for each plant are shown in Appendix 4.

Table 11: Average values of the distribution factor with standard deviations in individual

variants.
Uptake of Uptake of Uptake of Uptake of | Uptake of
HFPO-DA HFPO-TA HFPO-TeA PFOA PFOS
Variant [%0]
PFAS 0.271£0.158 | 0.001+0.001 <MLOD 0.087+0.06 |0.009+0.006
PFAS SSBC| 0.268+0.221 | 0.005+0.005 0.003+0.005 |0.106+0.093|0.012+0.008
PFASWBC | 0.221+0.106 | 0.004+0.006 <MLOD 0.069+0.046 | 0.009+0.007

It can be seen from Table 11 that the highest values of the distribution factor were
observed in all variants for HFPO-DA, specifically in the PFAS variant (0.271%), followed by
the PFAS SSBC variant (0.268%) and the PFAS WBC variant (0.221%). The second
contaminant with the highest distribution factor value was PFOA. The highest distribution
factor value for PFOA was recorded in the SSBC PFAS variant (0.106%), and the lowest in the
WBC PFAS variant (0.069%). The smallest values of the distribution factor were recorded for
the HFPO-TeA contaminant in the PFAS and PFAS WBC variants, as the amount of
contaminants in the plants in these variants came out below the detection limit of LC/MS.
Measurable values of the distribution factor were obtained for HFPO-TeA only in the PFAS
variant SSBC (0.003%). Low values of the distribution factor were also recorded for HFPO-
TA in all variants. The highest value of the distribution factor for HFPO-TA was recorded in
the PFAS SSBC variant (0.005%), and the lowest in the PFAS variant (0.001%).
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6 Discussion

6.1 Environmental relevance of PFAS concentration in water

The concentration of PFAS in water (10 pg/L) was determined in laboratory conditions,
but it was based on data supported by professional literature. PFAS have been detected in waters
all over the world in varying concentrations. Xu et al. (2021) investigated in their work the
concentration of several PFAS including PFOA and PFOS at several locations in China, namely
in surface and groundwater in rural areas in the east of the country (the average concentration
of PFOA was 90.8 ng/L, 60 and less ng/L in other PFAS), near the drinking water reservoir
Yugiao Reservoir (average PFOA concentration 1.88 ng/L, average PFOS concentration 0.49
ng/L), in the Daling River Basin (average PFOA concentration 1421.6 ng/L, average PFOS
concentration 0.4 ng/ I) and Hutuo (average PFOA concentration 0.63 ng/L) and near a
fluorochemical industrial plant (average PFOA concentration 1411.6 ng/L, average PFOS
concentration 96.2 ng/g). Furthermore, PFAS concentrations were investigated in India in the
Ganges River basin (average PFOA concentration 0.4 ng/L, average PFOS concentration 0.432
ng/L), in Australia in wells near the Melbourne landfill (average PFOS concentration 413 ng/L)
or on an island Gozo (PFOA concentration 1.46 ng/L), which is part of the Maltese Islands. At
all locations, PFOA and PFOS were detected in the range of tenths to thousands of ng/L. The
concentrations of PFOA and PFOS in the water at the sampling sites were therefore lower than
in the irrigation water in the pot experiment.

The concentration of GenX also came out in the range of tenths to hundreds of ng/L, i.e.
again less than in the pot experiment. The concentration of GenX in the water near the
fluorochemical plant near the city of Dordrecht in the Netherlands (average concentration of
GenX 2.2 nug/L) and the water flowing out from the sewage treatment plant (average
concentrations in the range of 134 to 375 ug/L) were investigated between 2006 and 2018 by
Gebbink & van Leeuwen (2020). GenX was also found in the Rhine River at the Dutch-German
border (0.75 ng/L) and in Germany (22 ng/L) or in the Nieuwe Waterweg River (concentration
range 1.7 to 812 ng/L), but also in groundwater in the vicinity of the city of Dordrecht
(concentrations in the range of 6-660 ng/L depending on the distance from the fluorochemical
production plant). In Europe, however, it was found 300 places where the concentration of
PFAS exceeded 10 ng/L. In Belgium, PFAS concentrations in the order of thousands of pg/L
were even measured in the vicinity of a PFAS manufacturing site. High values were further
measured for example in the Netherlands (Salvidge & Hosea 2023). High concentrations of
PFAS, specifically GenX, have also been measured in the USA. In the Ohio River, a GenX
concentration of 17.5 ug/L and higher was measured (Hopkins et al. 2018).

The contents of PFAS in water in the Czech Republic were addressed in their work by
Dvorakova et al. (2023) and Salvidge & Hosea (2023). Dvorakova et al. (2023) monitored the
concentration of sum PFAS in drinking water. A total of 192 drinking water samples were
analyzed, in which 80% of PFOA was detected, less PFOS was detected The concentration
values of the sum of PFAS ranged from undetectable values to 23.9 ng/L. The PFAS
concentration values reported by Salvidge & Hosea (2023) ranged from tens to hundreds of
ng/L. Dvorakova et al. (2023) further mentioned in their work that the presence of PFAS in
water in the Czech Republic is very low. This was also confirmed in the pot experiment. PFAS
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were not detected in plants that were watered with tap water (control treatment), just as PFAS
were not detected in some samples in the study by Dvorakova et al. (2023).

In no case did the measured values from the Czech Republic exceed the concentration
value of 10 pg/L used in the pot experiment. However, it is evident from the literature that
concentrations in the order of units to tens of pg/L are not unrealistic and that they can be found
in waters across continents.

6.2 Effect of biochar and PFAS on fruit weight

6.2.1 Effect of biochar on fruit weight

It can be seen from the graph in Figure 13 that the mean weight of fresh fruit biomass
differed between the variants, yet no statistically significant difference was observed between
the variants. The highest average fruit weight was measured in the Control variant, i.e. watered
with tap water and without the addition of biochar. The lowest average fruit weights were
measured on the Control SSBC and Control WBC variants, even though these plants were also
watered with tap water, but had biochar added to the soil.

The addition of biochar to the soil improves soil properties, which ultimately leads to
higher plant yields. This trend was described in the work of Farhangi-Abriz et al. (2021), who
recorded higher corn and wheat grain yields after applying biochar to the soil. Farid et al. (2022)
observed increased yields in zucchini grown on arid soils after the addition of rice straw and
sugarcane bagasse biochar. It could therefore be assumed that variants with applied biochar will
have a higher yield compared to variants without biochar. In the pot experiment, however, a
higher average fruit weight was recorded on the Control variant compared to the Control +
biochar variants. Also, the average weight of fruits grown on the PFAS variant was higher than
the average weight of fruits from the PFAS WBC variant, but at the same time, it was lower
than the weight of fruits form PFAS SSBC variant. The reason for the different yields of
zucchini fruits may be different input conditions (soil type, pyrolyzed material) in the pot
experiment and the work of Farid et al. (2022). Brnicky et al. (2021) drew attention to the
variability of the structure of biochar and its sorption capabilities even with a slight change in
the pyrolyzed material or the pyrolysis process itself.

Another reason for the reduced yield may paradoxically be a decrease in available
nutrients in the soil due to the high sorption potential of biochar, even though after the
application of biochar there is an increase in the total content of nutrients (observed for nitrogen
and phosphorus). This phenomenon, which negatively affects the yield of crops, was described
again in their work by Brtnicky et al. (2021). He further pointed out the relationship between
the yield and the content and availability of nutrients in the biochar itself. The amount of
nutrients and the ability to release them into the surrounding soil is influenced by the pyrolyzed
material. Biochars from plant biomass contain fewer nutrients than biochars from animal
products. This would also be confirmed by the conclusions from the pot experiment, where
higher average fruit weights were observed on variants with biochar from sewage sludge
compared to sludge from wood biomass.
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6.2.2 Effect of PFAS on fruit weight

Conversely, the application of contaminants to plants could lead to a decrease in fruit
yield compared to variants treated only with tap water. In the case of the pot experiment,
however, the yields of plants grown on the variants treated with PFAS were higher than the
variants with biochar and treated with tap water.

The negative effects of PFAS on plant growth are described in their work by Li et al.
(2022). An excessive amount of PFAS in plants leads to the formation of reactive oxygen
radicals, which can further damage the functions of plant organelles and entire plant cells. At
the same time, they can disrupt selected biochemical processes such as photosynthesis, protein
synthesis, or nitrogen and carbon metabolism. This can lead to a change in the permeability of
cell membranes, chlorophyll content or seed germination, root elongation or growth rate and
the final size of the plant itself can be affected. Changes caused by an increased amount of
reactive oxygen radicals have already been observed in some plants (wheat, lettuce, red
chicory), but at the molecular level.

Growth inhibition and physiological changes in plants due to PFAS would only occur at
concentrations exceeding by several orders of magnitude the normally determined
concentration in plants. According to Li et al. (2022) the normal concentrations in plants are in
the range of ng - pug/g. A similar range was confirmed in the work by Ghisi et al. (2019), who
investigated the concentration of PFAS (including PFOA and PFOS) in cucumbers (family
Cucurbitaceae, i.e. the same as zucchini and therefore similarity between these types of
vegetables can be expected) grown on contaminated soils (PFAS concentration: 0.406mg/kg;
0.805 mg/kg), further enriched with sewage sludge containing PFOA and PFOS. Here, too, the
average concentration of contaminants in plant tissues ranged from units to tens of ng/g of fresh
matter or from units to hundreds of ng/g of dry matter. A higher concentration of PFOA (23.8
ng/g fresh matter) and PFOS (1.3 ng/g fresh matter) was measured in the soil with a higher
initial concentration of PFAS. In the soil with a lower initial concentration, the measured
concentration of PFOA was 11.3 ng/g fresh matter, PFOS was not detected in the plant. The
concentration of PFAS in plants grown near fluorochemical industrial plants was investigated
in the work of Wang et al. (2020a). Even here, concentrations exceeding hundreds of ng PFAS/g
of plants were not recorded. Specifically, a concentration of 87 ng PFAS/g fresh biomass was
measured in vegetables, a concentration of 480 ng/g dry matter in wheat grains, and 59 ng/g
dry matter in corn grains. Even near a PFAS source, PFAS concentrations in plant tissues should
not rise to such a value that changes in plant physiology can be observed.

The PFAS concentration values also in the pot experiment ranged from tenths to tens of
ng PFAS/g of dry matter or hundredths to units of ng PFAS/g of fresh matter. Therefore, it
cannot be assumed that the amount of PFAS would negatively affect the growth of the plant.
On the contrary, a higher yield was observed in plants. The reason may be an effect called
hormesis, where a contaminant that is toxic in larger doses strengthens the defense system of
plants in small doses and stimulates their growth and reproduction. The hormesis effect has
been described for contaminants such as pharmaceuticals, heavy metals, pesticides,
microplastics, nanomaterials, flame retardants, and rare earth elements (Agathokleous et al.
2023). It is therefore possible to assume that the hormesis effect will occur even after the
application of PFAS.
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6.3 Effect of biochar on PFAS uptake

6.3.1 Uptake of PFAS by plants

Of the applied PFAS (HFPO-DA, HFPO-TA, HFPO-TeA, PFOA, PFOQOS), the
contaminants HFPO-DA, PFOA, and PFOS were taken up by plants to a certain extent. HFPO-
TA was detected across all variants in the order of tenths to tens ng/pot but not in all plants.
The reason for the reduced uptake of this contaminant may be the higher molecular weight (496
g/mol) (Renyet et al. 2023) compared to HFPO-DA and PFOA or the higher molecular
branching compared to PFOS. HFPO-TeA was detected in only 2 plants in the PFAS SSBC
variant in the order of tenths to units of ng/pot. The reason for the low to zero uptake of this
contaminant may be the high molecular weight (662 g/mol) caused by the longer chain of the
HFPO-TeA molecule.

Plant physiology may also play a role in the limited uptake of these larger PFAS
molecules. In the roots of plants from the Cucurbitaceae family, there is a Casparian strip (Fujita
& Inui 2021), which limits the transport of larger PFAS molecules further into the plants (Wang
et al. 2020a). Larger PFAS molecules could therefore be retained not only in the soil but also
in the root. However, the roots were not examined in this work, so it cannot be determined
exactly whether HFPO-TA and HFPO-TeA reached to a greater extent in other parts of the
plants.

On the contrary, HFPO-DA was the compound found at the highest amount in zucchini
fruits among other tested PFAS. The reason for the high uptake (in the order of tens to hundreds
of ng/pot) of HFPO-DA may be the shortness and branching of the molecular chain. The higher
uptake of PFAS with a short and branched chain was pointed out in the work by Mei et al.
(2021) and Xu et al. (2022). Another reason for the greater amount of HFPO-DA in zucchini
fruits may be the higher mobility of HFPO-DA in the soil environment. The higher mobility of
GenX (HFPO-DA) caused by a lower affinity to soil compared to longer PFOA, was pointed
out in the work by Liu et al. (2023).

PFOA and PFOS also accumulated in the zucchini fruits. From the graphs in Figures 17
and 18, it can be seen that PFOA accumulated more in the fruits compared to PFOS. The higher
accumulation of PFCA compared to PFSA was pointed out in the work by Wang et al. (2020a).
The reason for the higher accumulation of PFOA in plants is the smaller size of the functional
group and the higher solubility of the molecule compared to PFOS. A higher concentration of
PFOA in plants compared to PFOS was also recorded in the works of Ghisi et al. (2019),
Colomer-Vidal et al. (2022), and Wang et al. (2020a).

For the last 3 named contaminants, i.e. HFPO-DA, PFOA, and PFOS, a statistically
significant dependence between the amount of contaminant and fruit weight was observed.
Thus, larger fruits accumulated more HFPO-DA, PFOA, and PFOS than smaller fruits. The
reason for the higher accumulation of PFAS may be a higher amount of water in larger fruits,
and therefore a higher amount of contaminants, as they are contained in the water. However, it
cannot be reliably determined whether the heavier fruits were older than the lighter ones.
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6.3.2 Effect of biochar on PFAS uptake

The application of biochars to soil did not cause a statistically significant reduction in
plant uptake of PFAS, although biochars are considered materials capable of sorbing inorganic
and organic contaminants, including PFAS, in soil (Yaashikaa et al. 2020). In the case of HFPO-
TA, PFOA, and PFOS, a greater amount of contaminant per pot was even detected in the
variants with applied biochar compared to the PFAS variant without biochar. For HFPO-DA,
the amount of contaminant was higher for the PFAS WBC variant compared to the PFAS
variant, for HFPO-TeA the contaminant was recorded in only 2 plants on the PFAS SSBC
variant. The reasons for reduced PFAS biochar sorption are not entirely clear. Both biochars
were produced at a temperature of 600 °C, which is considered to be the limit for the formation
of a high sorption surface. At the same time, these biochars were applied to soil with low TOC
(1.4%). For such soils, Askeland et al. (2020) and Sermo et al. (2021) observed a 90% reduction
in PFAS leaching at an application dose of 0.5% biochar to the soil (the same dose as in the pot
experiment). Worse sorption capabilities of biochar were observed in soils with high TOC,
which were not used in the pot experiment. A possible explanation for the reduced sorption
capacity of biochar is the difference between the input pyrolyzed material and the pyrolysis
process itself. Brtnicky et al. (2021) drew attention to changes in sorption even with a slight
change in input parameters.

When comparing the efficiency between biochars, it can be seen that plants grown on the
PFAS SSBC variant contained higher amounts of HFPO-TA, HFPO-TeA, and PFOS, while
plants grown on the PFAS WBC variant contained higher amounts of HFPO-DA and PFOA.

Krahn et al. (2023) observed a greater number of pores in a size suitable for PFCA
sorption in sewage sludge biochar. In the pot experiment, sludge biochar sorbed better the
shorter PFCA representatives, i.e. HFPO-DA and PFOA compared to the longer PFCA
representatives, i.e. HFPO-TA and HFPO-TeA. The reason for the different sorption may be
the pore size, which was no longer sufficient for the larger PFAS molecules, and they therefore
could not be properly sorbed. For wood biochar, Askeland et al. (2020) and Sermo et al. (2021)
observed higher sorption of PFSA compared to PFCA. This trend was also observed in the pot
experiment. The average amount of PFOS in fruits was lower in plants grown on the PFAS
WABC variant compared to the PFAS SSBC. At the same time, a reduced ability to sorb short-
chain PFAS, represented in this experiment by HPFO-DA, was observed for both biochars. The
reduced sorption capacity of short PFAS by biochar from wood and sewage sludge was
described in the work of Sermo et al. (2021) and Krahn et al. (2023).

6.4 The riskiness of fruits when consumed

6.4.1 Riskiness of fruits for adults

The assessment of the risk of consuming contaminated fruit was based on the values of
PFAS concentrations in fresh matter (Table 9). These values were compared with the acceptable
value of the weekly intake of the amount of PFAS (determined for PFOA, PFOS, PFNA, and
PFHXS, here the last two mentioned were replaced by HFPO-DA, HFPO-TA, and HFPO-TeA,
for which limits have not yet been set in food), which it is 4.4 ng/kg body weight (Kule et al.
2021). For an 80 kg adult, consuming more than 352 ng PFAS/week would be a problem. It
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was determined that an average adult weighing 80 kg can eat 600-800 g of zucchini per week
during the season (the average weight of zucchini is around 300 g, and the zucchini grown
during the experiment weighed on an average of around 200 g), off-season around 300 g of
zucchini/week, but also less.

First, the riskiness of the fruits will be assessed when contaminated with only one
contaminant. When comparing the specified parameters with the average concentrations of
specific PFAS in fresh matter, it is evident that zucchini containing HFPO-DA contaminants,
grown on PFAS and PFAS WBC variants, would appear problematic in the case of consumption
of 1 fruit per week. In the case of zucchini grown on the PFAS variant, the limit of 352 ng/week
would be exceeded by consuming 233 g of the fruit. For zucchini grown on the PFAS WBC
variant, the weekly limit for PFAS would already be exceeded by consuming 188 g of the fruit.

But if the dose of zucchini consumed increased to 600-800 g, i.e. about 3 fruits per week,
HFPO-DA-containing fruits that were grown on the PFAS SSBC variant and PFOA-containing
fruits that were grown on all variants would also pose a risk. In the case of the HFPO-DA
contaminant (PFAS SSBC variant), the limit of 352 ng PFAS/week would be exceeded by
consuming 457 g of zucchini. In the case of the PFOA contaminant, the measured
concentrations in fresh biomass were lower, therefore the amount of zucchini consumed needed
to exceed the weekly limit for PFAS consumption would be higher. In the case of zucchini
grown on the PFAS variant, to exceed the limit of 352 ng PFOA/week, it would be necessary
to consume at least 782 g of zucchini. For the PFAS WBC variant, it would be necessary to
consume 677 g of zucchini. For the PFAS SSBC variant, to exceed the limit, it would be
necessary to consume at least 1136 g of zucchini, i.e. almost 4 zucchini (in the case of an
average weight of 300 g). For the other contaminants, the measured concentrations in fresh
biomass were so low (HFPO-TA in all variants, PFOS in all variants, HFPO-TeA in the SSBC
variant), or none (HFPO-TeA in the PFAS and PFAS WBC variants) that the risk would be
consumption exceeding several dozen pieces of zucchini (average weight 300 g) per week or
consumption would not pose a risk. Consumption of fruits containing PFOS would be risky
after exceeding the amount in the range of 20-30 pieces of zucchini per week, fruits containing
HFPO-TA would be risky when consuming 58 or more fruits, in the PFAS variant even more
than 117 fruits per week. Fruits containing HFPO-TeA (the PFAS SSBC variant) would be as
risky as fruits containing HFPO-TA (the PFAS variant), i.e. when consuming more than 117
fruits per week.

From the previous data, it is clear that the consumption of fruits containing only 1
contaminant (HFPO-DA, PFOA) would be problematic. However, in this experiment, the plants
were exposed to a mixture of contaminants, so the potential risk of fruits containing 2
contaminants (PFOA and PFQOS, for which limits are set) and all 5 contaminants (HFPO-DA,
HFPO-TA, HFPO-TeA, PFOS, and PFOA) will be discussed. When assessing the risk of fruits
containing PFOA and PFOS contaminants, consumption of 2.3 zucchini (704 g) per week for
the PFAS variant, 3.4 zucchini (1006 g) per week for the PFAS SSBC variant, and 2.1 zucchini
(618 g) per week for the PFAS WBC variant would be considered problematic. If zucchini fruits
were contaminated with all the selected contaminants, there would be a risk of consuming
already 174 g of zucchini grown on the PFAS variant, 306 g of zucchini grown on the PFAS
variant SSBC, and only 143 g of zucchini grown on the PFAS variant WBC per week. In reality,
however, the contaminants HFPO-DA, PFOA, and PFOS contributed to the contamination of
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fruits with PFAS, the contaminants HFPO-TA and HFPO-TeA were contained in zucchini fruits
in very low concentrations.

6.4.2 Riskiness of fruits for children

If the model consumer of contaminated zucchini was a child weighing 20 kg, the limit
dose for him would be 88 ng PFAS/week. A child was calculated to consume 1 zucchini per
week, i.e. roughly 200 to 300 g. As with adults, the consumption of fruits containing the
contaminant HFPO-DA or PFOA would be risky for children. For both contaminants, the
weekly PFAS limit would be exceeded by consuming less than 300 g of zucchini. In the case
of the HFPO-DA contaminant, the weekly limit for the PFAS variant would be exceeded by
consuming more than 58 g of zucchini, for the PFAS SSB variant, the limit would be exceeded
by consuming more than 114 g of the fruit, and for the PFAS WBC variant, the limit would be
exceeded by consuming more than 47 g zucchini. For PFOA, the weekly limit for consumption
would be exceeded by consuming 195 g of zucchini grown on the PFAS variant, by consuming
284 g of zucchini grown on the PFAS variant SSBC, or by consuming 169 g of zucchini grown
on the PFAS variant WBC.

Fruits containing a sum of 2 (PFOA, PFQOS) and 5 contaminants (HFPO-DA, HFPO-TA,
HFPO-TeA, PFOS, and PFOA) would pose a risk to a 20 kg child. If a child were to consume
fruit containing the sum of 2 contaminants, the weekly consumption limit would be exceeded
when consuming 176 g of fruit for the PFAS variant, 251 g of fruit for the PFAS SSBC variant,
and 154 g of fruit for the PFAS WBC variant. If the zucchini fruit contained the sum of all 5
PFAS, the weekly limit for consumption would be exceeded by consuming 43 g of zucchini
grown on the PFAS variant, 77 g of zucchini grown on the PFAS variant SSBC, and 36 g of
zucchini grown on the PFAS variant WBC. In all cases, it would therefore be problematic for
a child to consume even one zucchini (in the case of contamination with all selected PFAS,
even just part of the fruit), as the weekly limit for PFAS in food would be exceeded.

If the plants were irrigated with water containing PFAS, which Xu et al. (2021) described
in their work, the concentration of PFAS (specifically PFOA and PFOS) in water would range
from tenths to thousands of ng/L. Therefore, it is possible to assume that zucchini fruits treated
with solutions with the same concentration as that presented in the work of Xu et al. (2021)
contained 10 to 100,000 less PFAS than zucchini fruits in the pot experiment. To exceed the
limit doses for consumption, an 80 kg adult or a 20 kg child would have to eat 10 times to
100,000 times the weight of zucchini than was calculated for the pot experiment. A 10-fold
increase in the weight of consumed zucchini would still represent a real consumed dose in some
variants (zucchini containing the sum of all contaminants grown on all variants), but a dose
increased by 100 times or more would no longer be realistically consumable.

If zucchini plants were irrigated with a GenX solution of the concentration reported by
Gebbin & van Leeuwen (2020) in the case of water from the Rhine or Nieuwe Waterweg or in
the groundwater around the city of Dordrecht, the concentration would be 100 to 100,000 times
lower than in pot experiment. It can therefore be assumed that zucchini watered with this water
would not pose a risk when consuming 1-3 fruits in an adult and 1 fruit in a child per week, as
the amount of HFPO-DA received would be 2-5 orders of magnitude lower than in the pot
experiment, and therefore there would be no to exceed the limit for PFAS consumption per
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week. In contrast, the concentration of GenX in the water flowing from the Dordrecht sewage
treatment plant or the concentration of PFAS in the Ohio River was 10 times higher (Hopkins
et al. 2018) than the concentration in the pot experiment. It would therefore be risky to consume

tens of grams of zucchini per week for an adult and units of grams of zucchini per week for a
child.
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Conclusion

Zucchini plants (Cucurbita pepo L.) were irrigated with a PFAS solution (HFPO-DA,
HFPO-TA, HFPO-TeA, PFOA, PFQOS) or a control solution (methanol) in the pot
experiment.

The concentration of PFAS in the solution (10 png/L) was chosen based on data from
scientific literature. However, such concentration values in water have not yet been
detected in the Czech Republic.

Biochar made from sewage sludge and waste wood was used as a remediation agent
for removing PFAS from irrigation water.

No statistically significant increase in fruit biomass production was observed after the
application of biochar, although biochar is considered a material that improves soil
quality and crop yield. On the contrary, the graphs showed a slight decrease in the
increase in biomass. The reason could be the sorption of important nutrients on the
surface of the biochar, which the plants subsequently lacked during growth.

No statistically significant decrease in the increase in fruit biomass was observed
between the variants watered with the PFAS solution and the control solution. From
the graphs, on the other hand, a slight increase in fruit biomass was recorded for plants
watered with a PFAS solution compared to plants watered with a methanol solution.
The reason may be an effect called hormesis.

In plants with applied biochar, no statistically significant difference in PFAS uptake
was recorded compared to the control variant. Contaminants were recorded in variants
with and without biochar. In the case of HFPO-TA, PFOA, and PFOS, a larger amount
of contaminant per pot was even detected in the variants with applied biochar
compared to the PFAS variant without biochar.

Contaminants HFPO-TA, HFPO-TeA, and PFOS were more taken up by plants grown
on the PFAS variant SSBC. More PFOA and HFPO-DA were recorded in plants grown
on WBC variants.

HFPO-TeA and HFPO-TA were the least detected in plants in all variants. The reason
could be the high molecular weight of the given contaminants or the length of the
carbon chain. On the contrary, HFPO-DA was the most uptake by plants in all variants.
The reason could be the branching of the chain or the high mobility of HFPO-DA in
the soil environment.

PFOA accumulated more in fruits than PFOS. The reason could be the smaller size of
the functional group of PFOA and the higher solubility of PFOA compared to PFOS.

The risk dose for an adult person (80 kg) is 352 ng PFAS/week. This dose would be
achieved by consuming 143 to 306 g of zucchini, depending on the variant. For a child
(20 kg), the risk intake is 88 ng PFAS/week. This dose would be achieved by
consuming 36 to 77 g of zucchini, depending on the variant. In both cases, this is a
dose that the given person can consume weekly without any problems.
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9 Appendices

9.1 Appendix 1 —Weight of zucchini fruits

Fresh Weight | Dry Weight
variety [d] [g]
POT 1 216.48 35.9
POT 2 268.5 14.14
POT 3 359.01 16.3
POT 4 No plant
control |POT5 245.14 14.8
POT 6 80.56 5.17
POT 7 32.8 2.77
POT 8 238.55 13.29
control POT 9 9.58 0.83
SSSBC | POT 10 283.41 15.3
POT 11 25.4 2.13
POT 12 26.3 2.07
POT 13 321.63 15.22
control POT 14 57.01 3.92
WBC |POT 15 210.27 9.24
POT 16 27.4 2.46
POT 17 152.43 8.51
POT 18 338.42 16.18
POT 19 93.02 6.27
PFAS |POT 20 238.23 15.12
POT 21 253.99 15.39
POT 22 296.19 13.65
POT 23 93.84 5.28
PEAS |POT 24 No fruit
SSSBC | POT 25 268.8 14.66
POT 26 214.69 10.71
POT 27 41.39 3.06
POT 28 58.3 3.79
PEFAS |POT 29 192.1 9.21
WBC |POT 30 232.37 11.89




9.2 Appendix 2 — Concentrations of contaminants measured in individual

plants
HFPO-DA | HFPO-TA | HFPO-TeA | PFOA | PFOS
[ng/g dry biomass]
PEAS POT 16 25.6 0.17 0 6.49 0.64
POT 17 36.31 0 0 13.61 1.18
POT 18 21.98 0.14 0 7.12 0.49
POT 19 19.05 0.21 0 4.75 0.54
POT 20 14.11 0 0 4.2 0.8
PFAS POT 21 25.28 0.31 0 11.42 0.85
SSBC POT 22 22.39 0.16 0 6.47 0.86
POT 23 0 0 0.04 0 0
POT 24 No fruit
POT 25 9.79 0.57 0.58 4.63 0.84
PFAS POT 26 27.33 0.03 0 6.72 1.33
wBC POT 27 28.72 0 0 3.42 0.23
POT 28 27.38 0.39 0 7.94 0.8
POT 29 18.89 0.15 0 5.96 0.7
POT 30 61.96 0.99 0 23.61 1.73
[ng/g fresh biomass]
PEAS POT 16 2.3 0.02 0 0.58 0.06
POT 17 2.03 0 0 0.76 0.07
POT 18 1.05 0.01 0 0.34 0.02
POT 19 1.28 0.01 0 0.32 0.04
POT 20 0.9 0 0 0.27 0.05
PFAS POT 21 1.53 0.02 0 0.69 0.05
SSBC POT 22 1.03 0.01 0 0.3 0.04
POT 23 0 0 0 0 0
POT 24 No fruit
POT 25 0.53 0.03 0,03 0.25 0.05
PFAS POT 26 1.36 0 0 0.34 0.07
WBC POT 27 2.12 0 0 0.25 0.02
POT 28 1.78 0.03 0 0.52 0.05
POT 29 0.91 0.01 0 0.29 0.03
POT 30 3.17 0.05 0 1.21 0.09




9.3 Appendix 3 — Amount of contaminants measured in individual plants

HFPO-DA |HFPO-TA |HFPO-TeA |PFOA | PFOS
variety [ng]
Pot 16 63.07 0.43 0 15.99 1.58
Pot 17 309 0 0 115.81 10.01
Pot 18 355.55 2.24 0 115.24 7.95
Pot 19 119.39 1.31 0 29.78 3.41
PFAS |Pot 20 213.29 0 0 63.53 12.08
Pot 21 389.1 4.79 0 175.78 13.12
Pot 22 305.7 2.21 0 88.34 11.81
Pot 23 0 0 0.22 0 0
PFAS |Pot 24 No fruit
SSBC |Pot 25 143.47 8.42 8.45 67.91 12.3
Pot 26 292.64 0.27 0 71.99 14.26
Pot 27 87.76 0 0 10.46 0.71
Pot 28 103.85 1.48 0 30.13 3.03
PFAS |Pot 29 173.96 1.4 0 54.9 6.47
WBC |Pot 30 736.4 11.78 0 280.66 20.59

9.4 Appendix 4 — Uptake of contaminants from individual plants

Uptake of Uptake of Uptake of Uptake of | Uptake of
HFPO-DA HFPO-TA HFPO-TeA PFOA PFOS
variety [%]
POT 16 0.081 0.001 0 0.02 0.002
POT 17 0.395 0 0 0.148 0.013
POT 18 0.455 0.003 0 0.147 0.01
POT 19 0.153 0.002 0 0.038 0.004
PFAS |POT 20 0.273 0 0 0.081 0.015
POT 21 0.498 0.006 0 0.225 0.017
POT 22 0.391 0.003 0 0.113 0.015
POT 23 0 0 0.221 0 0
PFAS |POT 24 No fruit
SSBC |POT 25 0.184 0.011 0.011 0.087 0.016
POT 26 0.374 0 0 0.092 0.018
POT 27 0.112 0 0 0.013 0.001
POT 28 0.133 0.002 0 0.039 0.004
PFAS |POT 29 0.223 0.002 0 0.07 0.008
WBC |POT 30 0.262 0.015 0 0.131 0.015




