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Another question is, How far should theory go in its analysis of the
means? Evidently only so far as the elements in a separate form present
themselves for consideration in practice.

Carl von Clausewitz
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Abstract

Water contamination with per- and polyfluoroalkyl substances (PFAS) is a serious
problem for water suppliers in many regions. Due to persistence of the substances
and a complex distribution mechanism, PFAS can have an adverse impact on water
quality. Reported toxicological and health effects, make it very important to
minimise the of wildlife and human exposure to PFAS. The exposure path is,
however, associated with the most vital resource as water.

Mitigation of the PFAS contamination is an extensive challenge that requires a
multidisciplinary investigation of the pollution nature and distribution mechanisms
in the aquatic environment. Furthermore, since conventional drinking water
treatment is insufficient in PFAS removal, development of the treatment alternative
is necessary. Not least due to substantial number of contaminated water sources and
an increasing worldwide demand on drinking water.

Present thesis was built around investigation of the historical source water
contamination and human exposure to PFAS at studied locations in Ronneby
(primarily) and Luled in Sweden. Several interconnected studies were conducted
regarding present contamination levels, transport and distribution mechanism,
contamination and emission history, as well as PFAS treatment alternatives for
drinking water.

PFAS analysis and assessment of the contamination levels in surface water,
groundwater, and sediments were conducted. PFAS occurrence at studied locations
was connected to historical use of PFAS containing aqueous film forming foam
(PFAS-AFFF). By means of the core analysis, accumulation period was studied for
the exposed recipient (Lake). Furthermore, influence of the media characteristics
(i.e., mineral composition, density, moisture, and organic matter content) on PFAS
distribution in sediment was studied and corresponding distribution (partitioning)
predictors were estimated. Regarding emission source, profiling of the possible
PFAS-AFFF compositions was conducted (based on groundwater analysis), and
possible application and emission scenarios were evaluated (based on available fire-
training history and related protocols). Investigation of PFAS treatment methods for
drinking water was conducted and implementation of ex-situ treatment technique,
based on UVC/VUV induced removal, was suggested. The laboratory scale
treatment unit was developed and tested in series of experimental trials with PFCAs,
PFSAs, FTSAs, and FASAs.

Keywords: source water, drinking water, per- and polyfluoroalkyl substances,
PFAS, AFFF, UV treatment
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Popular science summary in Swedish

I denna avhandling har forekomst och spridning av PFAS (poly- och perfluorerade
alkylsubstanser) fran brandskum for slickning av fotogen- och bensinbrinder
undersokts i Kallinge och Kallax i Sverige. Vidare har transport av PFAS-
fororeningar modellerats i ytvatten och grundvatten fran branddvningsplatsen i
Kallinge till grundvattenmagasinet och Ronneby Miljé och Tekniks vattenverk
Brantafors i Kallinge. Slutligen har en metod for avancerad oxidation av PFAS med
hjilp av kortvagig ultraviolett stralning tagits fram for att undersdka om det gér att
bryta ned PFAS till kortare organiska molekyler som léttare kan brytas ner.

PFAS ér ett samlingsnamn for en stor grupp dmnen som bdrjade anviandas i mitten
av 1900-talet d4 de har en méngd intressanta tekniska egenskaper som lag
vattenloslighet, hog temperaturstabilitet som anvénds for sldta vatten-, fett- och
smutsavvisande ytor. De aterfinns i impregnerade textilier, impregnerat papper,
rengdringsmedel och brandsldckningsskum och anvénds i bland annat verkstads-
och elektronikindustrin. Det finns 6ver 4000 olika &mnen i PFAS-gruppen. De mest
kinda  substanserna 4  PFOS  (perfluoroktansulfonat) och  PFOA
(perfluoroktansyra). De tekniskt viktiga egenskaperna betyder dven att manga
PFAS-&mnen é&r hélsofarliga och svérnedbrytbara, bioackumulerbara och ofta
ytaktiva.

Miljoproblem med PFAS borjade uppmirksammas alltmer fran slutet av 1990-talet.
EU beslot att forbjuda PFOS och {6rbjod forsdljning fran juni 2007, men det var
tillitet att anvdnda slackskum fram till juni 2011. Det ar praxis att marknaden far ett
par ar att anpassa sig till de nya reglerna men fyra ars utfasning dr en ganska lang
tid.

Brandskum anvinds ofta for att sldcka brinder med snabba forlopp, t ex brinder i
brinsletankar pé flygplan. Vid svenska flygflottiljer har brandévningar med PFAS-
haltigt brandskum genomforts &tminstone sedan sent 1980-tal. I avhandlingen
detaljstuderas ytvatten och grundvatten nedstroms branddvningsplattorna vid
Norrbottens Flygflottilj F21 i Kallax och Blekinge Flygflottilj F17 i Kallinge.

Bégge ligger ndra grundvattentdkter som anvindes for dricksvattenforsorjning.
Mitningarna visar att en plym med PFAS-fororeningar ror sig frén
branddvningsplatserna till grundvattenmagasinen. Lénsstyrelsen i Blekinge valde
vid en miljoskanning av dricksvatten i lanet 2013 att ta prover pa dricksvattentdkten
i Kallinge. Nivaderna av PFAS var kraftigt forh6jda och mycket hogre dn vad som
uppmétts ndgon annanstans i Sverige. Ronneby kommuns vattenbolag tog prover
som bekriftade mycket hoga PFAS-halter och vattentidkten stingdes omedelbart den
16 december 2013.

I Kallax uppmattes PFAS-halter motsvarande 1700 ng/l som hogst. Ungefér 70% av
dmnena var olika svavelhaltiga PFAS-foreningar, medan knappt 30% var PFAS som
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inneholl karboxylgrupper. I sjosediment nedstroms branddvningsplatsen gick det att
folja hur ldngt ned PFAS-dmnen hunnit lacka.

I Kallinge var halterna ungefar tio gdnger hogre dn i Kallax och dven i ytvatten i
dammar vid Ovningsplatsen kunde halter kring 100 ng/l uppmétas. Vid
undersokningar av sedimentets innehéll av oorganiskt material kunde en tydlig
koppling mellan det oorganiska innehéllet och forhdjda PFAS-halter registreras,
medan den organiska fraktionen inte verkade direkt paverka anrikning av PFAS i
sedimenten.

En simuleringsstudie genomfordes for Kallinge for att klargdéra nér i tiden PFAS-
anviandningen pa branddvningsplatsen kunde tinkas ha inletts. Modell-
berdkningarna tyder pa att mellan 1 och 44 kg PFAS -&mnen kan frigoras per enskild
ovning pé branddvningsplatsen. Ovningarna har bedrivits i minst 25 Ar.

Rening med hjilp av ultraviolett (UVC/VUYV) ljusbehandling verkar bryta upp
framfor allt bindningen mellan svavelféreningen och kolkedjan i PFAS respektive
bindningen mellan karboxylgruppen och kolkedjan. Men om UV-ljuset fir verka pa
vattnet under tillrackligt lang tid borjar ocksé delar av kolkedjan att brytas upp.
Reaktionshastigheten dr oberoende av ursprungshalten i vattnet.
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AFFF Aqueous film-forming foams
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CRS Constant rate of supply
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FAB-MS Fast atom bombardment mass spectrometry

GAC Granular activated carbon
HLB Hydrophilic-lipophilic balance
HPLC High-performance liquid chromatography
HRMS High resolution mass spectrometry
MS/MS Tandem mass spectrometry
NF Nano filtration
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EtFOSE N-Ethyl perfluorooctane sulfonamidoethanol
FTSAs Fluorotelomer sulfonic acids
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17



PFCAs

PFSAs

PFAS-AFFF
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PFBA Perfluorobutanoic acid
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PFDA Perfluorodecanoic acid

PFUnDA Perfluoroundadecanoic acid
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Polar organic chemical integrative sampler
Total organic fluorine (analysis)

Total oxidable precursors (assay)
Ultra-performance liquid chromatography
Ultraviolet

uvc Short-wave UV (200—280 nm)
vUv Vacuum UV (100-200 nm)
Weak anion-exchange

X-ray fluorescence (analysis)



Introduction

Purpose of the work; questions

The aim of the conducted research was to investigate the source water contamination
with per- and polyfluoroalkyl substances (PFAS) and human exposure via drinking
water. Corresponding studies were conducted at two sites affected by historical use
of PFAS containing aqueous film forming foam (PFAS-AFFF) in Luleéd (backup
site) and Ronneby (primary site) in Sweden. These included: PFAS analysis and
assessment of the present water contamination levels; analysis of the contaminant
transport and distribution mechanism; investigation of the emission and
contamination history; and analysis of the drinking water treatment, processing, and
contamination (Figure 1).

Analysis of the water contamination with PFAS requires understanding of the
cluster of interconnected processes and mechanisms. It is important to establish the
contamination source and find the connection between PFAS-AFFF application and
PFAS emission rates. Furthermore, since sorption and transport processes in the
natural heterogeneous media are very complex, PFAS distribution in the aquatic
environment, is yet subject to investigation. PFAS distribution is affected by both
medium related features and contaminant behaviour in the dissolved state. Thus,
objectives of the conducted research included improved understanding of how the
fire-training and PFAS-AFFF application contributed to the PFAS emission; what
effect does surfactant nature of PFAS have on distribution and transport in the
aquatic environment; and not least, how can the source water contamination be
addressed in a historical context.

Furthermore, it was necessary to improve the understanding of impact of the
historical source water (groundwater) contamination on the drinking water quality.
This meant to study the operation (water treatment and production) of the
waterworks (Ronneby) and find a connection between variation in the PFAS level
in source water and contamination level in supplied drinking water. Moreover,
concerning the contaminant behaviour in drinking water production, it was
important to study the treatment barrier efficiencies of those implemented at the
waterworks (Ronneby), as well as in conventional water treatment plants.

Considering the drinking water treatment challenges associated with PFAS, it was
important to study the ex-situ treatment alternatives. Thus, a design of UVC/VUV
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treatment unit is suggested and tested. It was necessary to investigate the method
performance and understand whether the suggested method is suitable for water
treatment and operation at larger scales.

Fire-training I

and AFFF use ‘ Human exposure

" levels
Equipment

and capacities

Training protocol PFAS in

drinking water :
Sorption and transport

PFAS in water

Sediment core Far-field transport

‘k analysis Transport with
surface run-off
Surface water l

EUELS Core Luled '

Groundwater
ELELSH
+POCIS

Transport in groundwater
(advective-diffusive)
Cores Ronneby 1 and 2 |

Core Ronneby 3 'ﬁ

S

Figure 1. The methodological framework including corresponding studies (purple), sub-projects (blue), and expected
outcomes (green) of the conducted research. Gray clouds represent the studies and outcomes that are appended and
discussed in the present thesis.

However, due to the complexity of the involved processes, difficulties with method
development and implementation, analytical challenges, and not least, the data
limitations and restrictions, it was not possible to fully cover all important aspects.
Therefore, in the present thesis, as well as in appended papers, the research
objectives and outcomes are covered partially (Figure 1). Thus, the overall objective
of the thesis work can be accordingly specified and addressed in the following
research questions:

e How are the measured PFAS concentrations in water samples representative
in relation to the emission source and overall contamination of the aquatic
environment (Papers I, II, and III)?

e How can the timeframe of a historical contamination be established? Is the
core analysis a representative approach (Papers I and II)?
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e Are field-derived distribution predictors representative of overall transport
phenomena? What factors can be affecting the PFAS distribution and
behaviour (Papers I and II)?

e What do we need to know about PFAS emission source and what can
investigation of the AFFF application history tell us (Paper I11)?

e Can the far-field transport conditions and rates be addressed with limited
prior knowledge (Paper I11)?

e How can PFAS contaminated water be treated? Is UVC/VUV treatment
method suitable for PFAS treatment and what PFAS classes are sensitive to
this treatment (Paper IV)?

Background

PFAS

Perfluoroalkyl and polyfluoroalkyl substances (PFAS) represent a group of
fluorinated surfactants (Figure 2) widely used in various industrial and commercial
applications since the 1950s (Armitage et al., 2006; Prevedouros et al., 2006; Buck
et al.,, 2011). The advantage of PFAS application is primarily connected to the
remarkable thermal and chemical stability, which are inaccessible for most of the
hydrocarbon-based surfactants (Kissa, 2001). PFCAs and PFSAs are persistent,
without significant decomposition at high temperatures (<400°C) (Kauck and
Diesslin, 1951; Kissa, 2001). The carbon-fluoride bond, the key feature of the
fluorocarbon hydrophobe, is stable to acids, alkali, and oxidation (Kissa, 2001).
Another key property of PFAS is associated with the surfactant integration in
immiscible phase systems (i.e., adsorption in air-liquid, liquid-liquid, and solid-
liquid interfaces). Fluorinated PFAS hydrophobe lowers the surfactant critical
micellar concentration (CMC), giving the PFAS ability to lower the surface tension
(in water) (to 20-30 mN m™") at significantly low concentrations (100—-200 ppm).
Based on empirical data, as a general rule, CMC of PFAS is approximately equal to
CMC of hydrocarbon surfactants with a hydrocarbon chain 1.5 to 1.7 times longer
that fluorocarbon chain (Shinoda et al., 1972; Kissa, 2001).

PFAS synthesis is primarily connected with two manufacturing processes, as
electrochemical fluorination (ECF) and telomerization. Understanding of these
production processes is of importance for interpretation of the PFAS occurrence and
site specific PFAS composition (in relation to source) (Buck et al., 2011). In ECF,
hydrogen atoms of an organic raw material are replaced by fluoride atoms during
the electrolysis process conducted with anhydrous hydrogenfluoride (Alsmeyer et
al., 1994; Buck et al., 2011). The ECF process results in production of the various
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functional raw material including CsF7SO.F and C;FsCOF (major PFOS and
PFOA material), sulfonamides (FASAs), and sulfonamido alcohols (FASEs) (Buck
et al., 2011). The ETF process is often characterised by production of branched
perfluorinated isomers (due to the free-radical nature of the process) alongside with
expected linear isomers. A fraction of the branched isomers depends on the ECF
process and conditions and can constitute up to 20-30% (in case with PFOA and
PFAS) of the produced mixture of linear and branched isomers (Reagen et al., 2007;
Buck et al., 2011).

PFDoDA  CO,H — CF,

SO.H — CH, — CH, — CF, \IcFOS!
10:2 FTSA |
CF, NH CH, CH,

SO,H — CH, — CH, — CF, — SO,H — NH — CH, — CO,H
8:2 FTSA | | FOSAA
CF, NH,

SO;H — CH, — CH, — CF, — SO;H
6:2 FTSA | PFHxS
COzH - CFZ

CF, — SO;H
I PFBS
COzH - CFz

CFZ
|
CF,

Figure 2. PFAS-tree representing the surfactant structure (fluorinated hyrophobe and hydrophile (functional group) of
the four main class representatives PFCAs (PFBA, PFHxA and PFDoDA), PFSAs (PFBS and PFHxS), FTSAs (6:2
FTSA, 8:2 FTSA and 10:2 FTSA), and FOSAs (FOSA, FOSAA and MeFOSE)); compiled and schematised according
to PFAS classification by Buck et al. (2011).

In the telomerisation process perfluoroalkyl iodide (PFAI) (i.e., C2FsI (PFEI)) reacts
with tetrafluoroethylene (C,F,=C,F, (TFE)) to consequently produce PFAI with
longer perfluorinated chains (CmFaom+1(CF2CF2).l, telomer A) (Buck et al., 2011).
Telomer A can further react to CnFam+1(CF2CF2),CH,CHI (n:2 Fluorotelomer
iodine (FTI), telomer B). Telomer A and B are the major functional material
intermediates used for further production (Buck et al., 2011).
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PFAS application includes a range of uses such as metal plating, surface repellents
(textile, paper, and antifogging), coating formulations (i.e., paint, varnish, and inks),
plastic, resin and rubber (PTFE and PVDF), oil industry, electronics (components
and materials), semiconductors (photolithography and etching), cosmetics and
personal care (emulsifiers, lubricants, and oleophobic agents), industrial and
household cleaning products, and fire-fighting foams (as a surfactants in PFAS-
AFFF) (Kissa, 2001; Armitage et al., 2006; Prevedouros et al., 2006; Paul et al.,
2009; Jensen, 2010).

Firefighting foams and PFAS

The firefighting foam was first introduced in 1904 by Aleksandr Loran, as the fire
protection measure superior to suppression with water. Technologies used in
formulations, as well as in application, of the firefighting foams have since been
evolving towards improved efficiency and handling (Rupert et al., 2005; Turekova
and Karol, 2010). Modern firefighting foams are classified in several types
depending on application purpose, handling standards, and equipment specifications
(i.e., aqueous film forming foam (AFFF), alcohol-resistant AFFF, protein foams,
alcohol resistant protein foams, fluoroprotein foams, class A foams, medium and
high expansion foams, etc.). Commercially available foams are normally distributed
as a concentrate (stock solution) ready for further dilution (as a foam solution) and
foam aggregation (Rupert et al., 2005).

Firefighting foams are primarily used in fixed facility systems and emergency fire-
rescue equipment. All firefighting foams have a certain hazardous impact on aquatic
environment. This includes environmental impacts due to foam specific properties
such as foaming, aquatic toxicity, oxygen demand and biodegradability,
bioaccumulation, and oil emulsification. The general formulation of the firefighting
foam concentrates includes water (<65%), solvents (<16%), surfactants (<17%),
and other ingredients (<2%) (i.e., corrosion inhibitors, preservatives, dyes, etc).
Commonly used surfactants include alkyl polyglycoside, alkyl dimethylamine
oxides, octylphenoxypolyethoxyethanol, protein hydrolysate, benzotriazole,
octanol sodium sulfate, PFAS, and more (Rupert et al., 2005).

PFAS introduction as surfactant in AFFF development was reported in the early
1960s (Kleiner and Jho, 2009; Cousins et al., 2016). Formulation of the PFAS
containing Aqueous Film Forming Foam (PFAS-AFFF) has since been undergoing
modification resulting in development of the PFAS based AFFF class (Rupert et al.,
2005; Place and Field, 2012). Due to superior characteristics of PFAS as a
surfactant, as well as the thermal stability, PFAS-AFFF found wide application in
extinguishing hydrocarbon-fuel fires (Gramstad and Haszeldine, 1957; Kissa, 2001;
Cousins et al., 2016). Following its early application in aircraft crash fire (3M Light
Water at Los Angeles International Airport in 1978 (Kleiner and Jho, 2009), PFAS-
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AFFF became an effective and perhaps a universal fire safety solution at the airfields
worldwide (Cousins et al., 2016).

Environmental impacts

In certain cases, when emission of the utilized products is not confined, application
of PFAS-AFFF can lead to contamination of the surrounding aquatic environment
(as first reported in the late 1990s) (Levine et al., 1998; Moody and Field, 1999).
The ubiquitous occurrence of PFAS in the proximity to firefighting training
locations has been reported in many studies worldwide (Moody et al., 2002; Awad
et al., 2011; Kérrman et al., 2011; Kwadijk et al., 2014). PFAS contamination can
be connected to fire-training activities, firefighting equipment tests, as well as
emergency events, where PFAS-AFFF application took place (Moody et al., 2002;
Schultz et al., 2004; Weiss et al., 2012; Backe et al., 2013).

The occurrence of PFAS has been discussed in a wide range of environmental
contexts (Houde et al., 2006; Ahrens and Bundschuh, 2014; Ahrens et al., 2015).
PFAS have been detected in environmental matrices such as water, sediment, soil,
and biota (Giesy and Kannan, 2001; Taniyasu et al., 2003; Houde et al., 2006;
Pistocchi, 2009; Sakurai et al., 2010). Contamination of the aquatic environment
and risks associated far-field transport are often connected to mobility of the
substances in the dissolved phase and persistence to degradation under natural
conditions (Filipovic et al., 2015b; McCarthy et al., 2017b). The environmental
distribution of PFAS have been studied at both global and local scale (Armitage et
al., 2006; Prevedouros et al., 2006; Sakurai et al., 2010). The spread of contaminants
in water has been shown to have impact on wildlife (Taniyasu et al., 2003; Houde
etal., 2006; Armitage et al., 2009; Greaves and Letcher, 2013). PFAS are considered
toxic and associated with accumulation in living tissue (Andersen et al., 2008;
Houde et al., 2008).

After release from the source area, PFAS can be accumulated and/or distributed in
the surface water (Ahrens et al.,, 2015), sediment, soil (Ahrens et al., 2011;
Zareitalabad et al., 2013), and groundwater (Moody et al., 2003; Filipovic et al.,
2015b; Weber et al., 2017). For localized sources, in particular airfields, PFAS
emission can contribute to a historical contamination of the water (Filipovic et al.,
2015b; Hu et al., 2016; Andersson et al., 2019; Ryota, 2019; Li et al., 2020).

PFAS contamination of the source water can lead to human exposure via drinking
water (Shin et al., 2013; Andersson et al., 2019; Ryota, 2019). There are several
serious human exposure cases reported and PFAS have been subjected to a range of
negative and potentially adverse health effects (Kerger et al., 2011; Shin et al., 2013;
Mastrantonio et al., 2018; Oberg et al., 2018; Andersson et al., 2019).

Far-field transport of PFAS has been studied in surface water (Filipovic et al., 2013;
Filipovic et al., 2015a) and groundwater (Shin et al., 2014; Weber et al., 2017).
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PFAS circulation in the urban (and/or industrial) water and waste handling cycles
has been connected to the occurrence at water treatment plants (Sinclair and
Kannan, 2006; Gobelius et al., 2019) and landfills (Busch et al., 2010). However,
interpretation of transport conditions, requires further investigation. Due to the
surfactant nature of PFAS and complex distribution processes in the corresponding
domain, a better understanding of the contaminant interaction in carrier phase—
media interface is necessary (Jeon et al., 2011; Hellsing et al., 2016; Nouhi et al.,
2018; Pereira et al., 2018). Moreover, PFAS distribution can be affected by certain
macroscopic conditions related to environmental features of the area and emission
source. This contributes to a large variation in the field-derived distribution
predictors for PFAS (Zareitalabad et al., 2013; McCarthy et al., 2017b; Weber et al.,
2017). PFAS sorption and transport processes in natural systems are yet subject for
investigation.

Analysis and interpretation of the water contamination with PFAS require
understanding of a cluster of interconnected processes, including analysis of the
contamination levels, spatial distribution, as well as contamination history. In
contamination linked to PFAS-AFFF application, application scenarios, used
equipment, and purpose of the application play a significant role in PFAS
distribution, contamination levels, and composition. PFAS-AFFF application can
be relatively continuous or related to an emergency event, thus affecting the
consequent contamination distribution (Awad et al., 2011; Filipovic et al., 2015b).
It is often not known how often, under which conditions or with which chemical
speciation PFAS-AFFF has been practised. Further investigations are important for
better understanding of the water contamination by PFAS, and related distribution
processes, also taking uncertainties into account.

Mitigation and treatment

Development of PFAS mitigation strategies and treatment prospects has become
important during the last decade (Rahman et al., 2014; Dickenson and Higgins,
2016; Kucharzyk et al., 2017). PFAS removal has been studied in full-scale water
treatment plants and systems (Quinones and Snyder, 2009; Appleman et al., 2014;
Dickenson and Higgins, 2016; Gobelius et al., 2019). However, evaluation of
conventional water treatment barriers, including physical separation and
coagulation, aeration, filtration, and disinfection, has shown considerably low
removal rates (Appleman et al., 2014; Kucharzyk et al., 2017; Gobelius et al., 2019).

From the existing treatment approaches, sorption on granular activated carbon
(GAC) has been found suitable for PFAS treatment (Ochoa-Herrera et al., 2008;
Kucharzyk et al., 2017). Although, adjustment to operation cycles, thermal
incineration, and recombination of GAC can represent a big operational and
maintenance challenge for the water suppliers (Rayne and Forest, 2009; Franke et
al., 2021). In absence of alternatives, PFAS removal in sorption processes has been
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considered economically and operationally superior to existing oxidation and
separation techniques (Rayne and Forest, 2009; Kucharzyk et al., 2017).
Furthermore, modification of the sorbent material and replacement alternatives has
been considered (Deng et al., 2015). In removal using GAC, the PFAS treatment
processes can be influenced by grain size and PFAS saturation levels in connection
to the molecular chain-length (Rayne and Forest, 2009; Espan et al., 2015;
Dickenson and Higgins, 2016). Considering the operational challenges related to
PFAS removal, there is a great need for further investigation and development of
ex-situ treatment methods and combinations.

Various alternative approaches have been suggested, including biological
degradation, filtration, thermal destruction, and advanced oxidation methods.
Microbial PFAS degradation (Schroder, 2003) and fungal degradation (Colosi et al.,
2009) have shown a certain reduction potential. PFAS decomposition by
microorganisms is linked to potential ingestion of the compounds (Colosi et al.,
2009). However, persistence to oxidation under natural conditions, associated with
fluoride-saturation of the carbon chain, makes PFAS insufficient for utilisation as
energy source (Colosi et al., 2009). Observed reduction can possibly be associated
with the bulk sorption process (Schroder, 2003) and further investigation is
necessary for validation of the removal mechanisms (Merino et al., 2016;
Kucharzyk et al., 2017).

Particular attention has been given to filtration techniques including microfiltration,
nanofiltration, reverse osmosis, and combinations with other techniques (Dickenson
and Higgins, 2016; Soriano et al., 2017; Franke et al., 2019). Although,
microfiltration is theoretically inefficient for PFAS removal, it can be used in
combination with prior separation using sorption (Franke et al., 2019; Murray et al.,
2019; Franke et al., 2021). Nanofiltration and reverse osmosis and/or different
combinations have shown considerable PFAS separation of >98% even for short-
chain PFAS like PFBA (Dickenson and Higgins, 2016). Membrane techniques are
straightforward in operation and the membranes themselves have long life-times if
operated correctly. However post-process treatment or storage is required for the
reject water resulting from nanofiltration or reverse osmosis (Franke et al., 2021).

PFAS degradation techniques have been tested with a range of physical processes.
These, include pyrolytic decomposition (induced by sonochemical treatment)
(Vecitis et al.,, 2008a; Rayne and Forest, 2009; Vecitis et al., 2010) and
electrochemical treatment (tested for different anode/cathode, and counter electrode
configurations) (Carter and Farrell, 2008; Ochiai et al., 2011a; Ochiai et al., 2011b;
Ochiai et al., 2011c; Schaefer et al., 2015). Upscaling considerations have been
made for sonochemical treatment (Vecitis et al., 2008a; Vecitis et al., 2008b; Vecitis
etal.,2010). For electrochemical treatment, however, a precaution of transformation
by-products is necessary (Trautmann et al., 2015; Merino et al., 2016; Schaefer et
al., 2017). Advanced oxidation processes have been reported suitable for PFAS
treatment, and often proposed in combination with prior treatment/separation
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processes (Rayne and Forest, 2009; Espan et al., 2015; Kucharzyk et al., 2017).
Implementation of advanced oxidation methods in PFAS treatment is mainly
connected to high oxidation potential that is not accessible in biological and classical
physicochemical treatment approaches (Schroder and Meesters, 2005; Merino et al.,
2016). PFAS decomposition induced by strongly oxidising radical species has been
reported with application of ozone, ultraviolet, hydrogen peroxide, ferrous ions, and
their combinations (Schroder and Meesters, 2005; Espan et al., 2015; Dombrowski
et al., 2018). However, further investigation regarding application of the advanced
oxidation methods is needed.

Ultraviolet induced degradation in aqueous state has been reported applicable for
PFAS treatment. There are different approaches and combinations with catalysis
and other processes. However, limited attention has been given to UV exposure
conditions (Giri et al., 2012). Furthermore, the PFAS removal efficiency is often
assessed from limited PFAS inventory (Merino et al., 2016; Kucharzyk et al., 2017).
Further investigation is necessary regarding the application of UV induced
treatment of PFAS, and efficiency on a wide range of substances represented by the
PFAS family.

PFAS in drinking water

There are still no parametric values for PFAS in drinking water in Sweden. Since
2014, the Swedish Food Agency (Livsmedelsverket) has been suggesting >90 ng L™
as XPFAS concentration, when actions are needed to be taken (“atgirdsniva”). This
recommendation was initially defining the limit of >90 ng L™ for 7 PFAS (i.e., PFPeA,
PFHxA, PFHpA, PFOA, PFBS, PFHxS and PFOS). Later in 2016, recommended
limit was extended to 11 PFAS (i.e., PFBA, PFPeA, PFHxXA, PFHpA, PFOA, PFNA,
PFDA, PFBS, PFHxS, PFOS and 6:2 FTSA). In practice, ZPFAS concentration <90
ng L' has been permissible since 2014 (Livsmedelsverket, 2021).

The EU Drinking Water Directive (2020/2184) has set the limit for XPFAS
concentration in drinking water to 100 ng L™ (for 20 PFAS) and 500 ng L™ (for total
PFAS)in 2020 (EU, 2020). Considering the ubiquitous occurrence of PFAS in water
sources, and due to the fact, that drinking water is one of the most contributing food
categories among the age groups, a tolerable weekly intake (TWI) threshold of 4.4
ng kg (of body weight) per week was set by European Food Safety Authority
(EFSA) in 2020 (EFSA, 2020). This would mean, that for an average healthy person
permissible ZPFAS concentration in drinking water must be <3040 ng L™
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Materials and Methods

Field investigations

Study sites

Field investigations were conducted at sites in Luled (Paper 1) and Ronneby (Paper
IT and III) in Sweden. Water contamination with PFAS has been reported at both
studied locations. PFAS contamination is primary connected to emission with
PFAS-AFFF during fire-training activities and firefighting equipment tests.

In Lulea (Paper I), two water bodies were investigated: L (lake) and P (pond), both
located approximately 500 m south-west of a firefighting training facility at the
Norrbotten Air Force Wing (F21) (Figure 3).

65°32'N

22°4'E 22°8'E

0 05 1 Base map: Terrangkartan, Lantmateriet
: Hydrogeology: Grundvattenmagasin, SGU
Kilometers Coordinate System: SWEREF99TM

Figure 3. Sampling locations L (lake), P (pond) and L1 and L2 (sediment cores); dashed line defines the airport (F21,
Luled, Sweden) area; the cross indicates the fire training facility; dotted area defines the groundwater reservoir and
the arrows show the groundwater flow direction (Figure 1 in Paper I).
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F21 holds the largest flight exercise area in Sweden and has been active since 1941.
The firefighting training facility at F21 has utilized PFAS-containing AFFFs during
the last decades. The sampling site is located in a subarctic climate area with annual
average temperature of 2°C and annual average precipitation of about 500 mm
(SMHI, 2019).

The lake L (65°31'N, 22°5'E) is oligotrophic with an average depth of 13 m and
surface area of about 0.1 km?*. Both the lake L and pond P (65°31'25"N, 22°6'28"E)
were formed on an old gravel/sand pit (artificially excavated). The lake L (and pond
P) are laying above a groundwater reservoir with high-permeable soil (glaciofluvial
deposits). The sampling locations (lake L and pond P) were considered as receiving
water bodies that can potentially impact the groundwater quality. Due to climatic
conditions (soil saturation and extensive seasonal runoff (Bengtsson and
Westerstrom, 1992), the transport with surface runoff is suggestively indicated as
the main path of contamination.

The study area investigated in Paper II and IIl is located in the Ronneby
Municipality (Blekinge County) in Sweden. The landscape of the area is mainly
represented by hilly terrain with woods surrounding urbanised areas. There are two
main objects of interest considered. These include the F17 airfield (Blekinge Air
Force Wing) and Brantafors Waterworks (Ronneby Municipality). The F17 (active
since 1944) has been used by both military and civil air traffic. The airfield area is
restricted and surrounded by wood in the north and west, and lake Sénksjon in the
north. The F17 hosts both a flight exercise area and an operational wing (F17, 2020).
The Brantafors waterworks has been in operation since the 1970s and at later
development stages it supplied the Ronneby Municipality with drinking water. At
Brantafors, source water for municipal water supply was extracted from the
groundwater reservoir at four main extraction locations: north (GW1), south (GW3
and GW4), and east (GW2) (Paper 111, Figure S1 in supplementary materials). The
waterworks has been reconstructed and modified during its operation. There is,
however, limited information available for the period prior to the 1990s. Prior to
2010, due to superior water quality (according to former standards), the water
treatment process included aeration, pH adjustment, and UV-disinfection.
Brantafors was later reconstructed, and the treatment was extended with aeration,
chemical precipitation, rapid sand filtration, and UV-disinfection.

There are several surface water bodies in the studied catchment, including the
Hasselstadsbiacken creek, the Klintabdcken creek, the Ronnebyan River, and the
Lake Séanksjon (Paper III, Figure S1 in supplementary materials).
Hasselstadsbacken originates in the wetland area south-west of the Sinksjon and
eventually discharges into Ronnebyan. Klintabicken originates from the wetland
areas in north and east of Sidnksjon and discharges into Ronnebyé&n. Ronnebyén
flows in a south direction and discharges into the Ronnebyfjarden Bay of the Baltic
Sea. Lake Sdnksjon is confined and primarily fed by groundwater and surface runoff
(Paper III, Figure S1 and S4 in supplementary materials).
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50 0 Meters

Figure 4. Study site description: (a) site location; (b) area topography and hydrogeology (including groundwater flow
boundaries (purple dot-dash), flow direction (blue arrows) and reservoir (blue area)), airfield territory (solid orange),
AFFF emission sources (fire station (FS) and fire training facility (FTF)) and lake location (black box); and (c) lake
bathymetry and sampling locations. GIS data: GSD Terréangkartan vektor, Lantmateriet (base map); GSD Héjddata,
Lantmateriet (topography) and SGU Grundvattenmagasin and Grundvatten, SGU (hydrogeology) (Figure 1 in Paper
).

The study area contains a groundwater reservoir confined by the groundwater divide
along the airfield to the west and ridge formation along the Ronnebyan to the east
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(Paper I1I, Figure S4 in supplementary materials). The groundwater reservoir is
formed within a glacial deposit mainly containing a mixture of sand, silt, and gravel.
The primary groundwater flow direction is southeast in a high-permeability soil
formation along the Klintabicken (Paper III, Figure S4 in supplementary materials).
The groundwater reservoir is confined by the bedrock to the east and an upland with
a thin soil layer (sand and silt), and shallow bedrock to the west. The bedrock
morphology is primarily represented by granite, syenitoid, and metamorphic
equivalents. The bedrock surface is characterised by deep and long fractures in
direction from north to south (Paper III, Figure S5 in supplementary materials).

The studied Lake Séanksjon (S) (Paper 1) is located approximately 100 m northeast
of the F17 airfield. S has been contaminated by release of PFAS-containing AFFF
at the airfield territory. There were two main emission sources suggested by
Ronneby Municipality: fire training facility 900 m south and fire station 1200 m
southwest of Lake S (Figure 4). Due to complex topographic and hydrogeological
features of the area, it is difficult to conclude an exact PFAS emission source for the
lake. According to the Swedish Geological Survey, the lake body confines an
apparent connection to the underlying groundwater (Figure 4). However, despite
PFAS contamination, the interaction with contaminated groundwater is unlikely due
to groundwater flow direction and lake depth. Therefore, the PFAS transport to Lake
S is suggested to be associated with surface runoff.

The overall PFAS emission in the area was primarily subject to application of
PFAS-AFFF during fire-training activities and firefighting equipment tests at F17.
The emission sources were connected to the designated fire-training and equipment
test sites on the F17 airfield territory. Main emission source was identified at the
fire-training facility (FTF), located in the east of the F17 airfield. However, there
are several potential sources (training and test locations) suggested by former F17
personnel, including the north-end and south-end of the airstrip and the fire station
(Paper 111, Figure S1 in supplementary materials).

Sampling

In Luleé (Paper 1), sampling was conducted on October 13, 2015. Duplicate surface
water samples were collected at lake L (pH 7.7) and pond P (pH 7.9) using pre-
rinsed 1 L polypropylene (PP) bottles. Water samples were stored at 8°C prior to
analysis. Sediment cores were taken in lake L from the bottom sediment at 7 m
(location L1, 65°32'7"N, 22°5'57"E) and 19 m depth (location L2, 65°32'16"N,
22°5'41"E) (Figure 3). The sediment cores were collected using a manual sampler
with transparent acrylic tube (50 cm long and 7 cm inner diameter) and piston-based
mechanism. Sediment cores were sectioned by 1 or 2 cm intervals using a
transparent acrylic slicer and distributed into pre-rinsed PP jars (n = 10 for core L1
and n = 13 for core L2). Sediment samples were kept frozen at —20°C prior to
analysis.
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In Ronneby (Paper 1), bathymetric measurements were conducted at Lake S using
GPS receiver coupled with acoustic sonar on 16 June, 2017; measurements were
taken at 18 locations with average water depth of 1.7 £ 0.34 m (Figure 4).

Duplicate water samples (bulk water) were collected at locations F and G
(corresponding to north and south of the lake, respectively) at 1.6 m (F, n = 2) and
2.2 m (G, n = 2) water depth using 1 L polypropylene bottles and manual grab
sampler on 20-21 June, 2016 (Figure 4).

Sediment core samples were collected at locations E-G (corresponding to centre,
north and south of the lake, respectively) at 1.6 m (E), 1.6 m (F) and 2.2 m (G) depth
on June 20-21, 2016. Sediment cores were extracted from the lakebed (in acrylic
tube) using manual core sampler. Sediment cores E-G (with 0.34, 0.42 and 0.39 m
of depth, respectively), were distributed in segments of 2 cm (n =17, core E) and 3
cm (n = 14, core F; n = 13, core G).

All samples were stored at 3°C (water) and —20°C (sediment) prior to extraction and
analysis. All sampling containers (polypropylene bottles, jars, acrylic slicer, and
core tubes) were pre-rinsed with methanol (x5). Sediment sampler components
(slicer and core tubes) were rinsed on site with Milli-Q water (x5) and methanol
(x15) prior to each core sampling.

PFAS concentrations in groundwater were measured in samples collected at the
extraction points GW1, GW3, and G4 in Ronneby (Paper III). Duplicate water
samples were taken directly in the well (from the water surface) in 1 L PP bottles.
Samples were stored in dark at 4°C. Prior to analysis, water samples (in 1 L PP
bottle) were placed in sonication bath for 20 min. Samples were consequently
transferred into 10 mL glass injection vial and spiked with internal standard mix
prior to analysis.

Additionally, PFAS measurements in groundwater were taken using Polar Organic
Chemical Integrative Sampler (POCIS) with solid phase sorbent (Oasis HLB). The
individual POCIS sampler preparation was performed as described in Gobelius et
al. (2019). Individual samplers (without cage) were set in a column configuration
(Paper 111, Figure S6 in supplementary materials) and placed in the groundwater
well. There were two sampler columns deployed with eight individual samplers (4
duplicates) and three individual samplers (1 triplicate), respectively. Sampler
columns were deployed in groundwater extraction wells upstream (POCIS x 8) and
downstream (POCIS x 3) the groundwater aquifer at approximately 15- and 20-
meter depth at extraction point GW1 and GW3, respectively (Paper 111, Figure S4
in supplementary materials). For the well at GW3, a single deployment was set for
4 weeks, and at well GW1, four deployments were set for 1-to-4-week intervals.
Individual samples were stored frozen prior to extraction and analysis.
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Analysis and Measurements

PFAS analysis

As described in the enclosed papers (Paper I, II, III, and IV), up to 29 target
compounds were analysed, including five perfluoroalkane sulfonates (Cs, 6,73, 10
PFSAs) (PFBS, PFHxS, PFHpS, PFOS, PFDS), 13 perfluoroalkyl carboxylates (Cs-
13.15.17 PFCAs) (PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFNA, PFDA, PFUnDA,
PFDoDA, PFTriDA, PFTeDA, PFHxDA, PFOcDA), three perfluorooctane
sulfonamides (FOSAs) (FOSA, MeFOSA EtFOSA), two perfluorooctane
sulfonamidoethanols (FOSEs) (MeFOSE, EtFOSE), three perfluorooctane
sulfonamidoacetic acids (FOSAAs) (FOSAA, MeFOSAA, EtFOSAA), and three
fluorotelomer sulfonates FTSAs (6:2 FTSA, 8:2 FTSA, 10:2 FTSA). Furthermore,
a mix of 16 mass labelled internal standards (i.e., *Cs-FOSA, d;-MeFOSAA, ds-
EtFOSAA, d;-MeFOSA, ds-EtFOSA, d7-MeFOSE, do-EtFOSE, “C4-PFBA, "Co-
PFHxA, C4-PFOA, Cs-PFNA, “C,-PFDA, *C,-PFUnDA, C>-PFDoDA, "*0.-
PFHxS, '*C;-PFOS), and one injection standard (13C8-PFOA) were used for
quantification.

The water sample extraction (Papers I and II) was conducted using the solid phase
extraction (SPE) method (Powley et al., 2005; Ahrens et al., 2009). The extraction
cartridge (Oasis WAX cartridges, Waters Corporation, MA USA) was
preconditioned with mixture of ammonium hydroxide in methanol, methanol, and
ultrapure water prior to extraction. Individual water sample was filtered (using glass
fibre filter), spiked with an internal standards mixture, and loaded on the extraction
cartridge with 1 drop per second. Subsequently, the extraction cartridge was washed
with an ammonium acetate buffer in ultrapure water. PFAS were eluted with
methanol and ammonium hydroxide solution in methanol. Samples were further
concentrated under nitrogen and transferred to the auto-injector vial. The same
extraction procedure was applied for all procedural blanks. All prepared samples
were stored at -20°C prior to further analysis.

The extraction of the sediment samples (Papers I and II) was conducted using the
solid-liquid extraction method (Powley et al., 2005; Taniyasu et al., 2005; Ahrens
et al., 2009). The freeze-dried sediment samples were soaked in sodium hydroxide
solution in ultrapure water and methanol. Further, samples were spiked with an
internal standard mixture and extracted with methanol using wrist-action shaker.
Subsequently, samples were centrifuged, supernatant was decanted and transferred,
and the extraction process was further repeated; both extracts were combined,
acidulated with hydrochloric acid, and centrifuged. The supernatant was transferred
and concentrated under nitrogen gas. Concentrated samples were further mixed with
ENVI-carb and glacial acetic acid in an Eppendorf tube using a vortex mixer and
centrifuged; supernatant was further transferred into an auto-injector vial. The same
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extraction procedure was applied for all procedural blanks. All samples were stored
at -20°C prior to further analysis.

Extraction and preparation of the POCIS were performed in according to the method
described earlier in Gobelius et al. (2019). There were 13 samples (including 2
procedural blank) extracted for analysis.

PFAS analysis was conducted in prepared samples (including procedural blanks)
using high-performance liquid chromatography — tandem mass spectrometry
(HPLC-MS/MS) (Papers 1 and II) and online SPE and ultra-performance liquid
chromatography — tandem mass spectrometry (UPLC-MS/MS) (Papers 111 and V).
Limits of quantification were determined from levels detected in the procedural
blank samples plus 3x of the standard deviation; or alternatively, at the lowest
calibration point in the linear range (from 0.1 ng L' to 2000 ng L") if the S/N ratio
was higher than 3. Branched PFAS isomers were quantified with the analytical
standard used for corresponding linear isomer.

Radio-isotope analysis

The analysis was performed on the corresponding replicate sediment samples
(Papers I and II). Sediment accumulation rates were estimated from the detected
excess 210Pb activity (disintegrations per minute per mass) in sediment samples.
Sediment samples were homogenized and dehydrated (freeze-dried or dried in
furnace at 50°C) prior to analysis. The constant rate of supply (CRS) model was
used for age prediction. CRS model sediment accumulation rate estimate was
compared against the linear regression estimate.

X-ray fluorescence analysis

Sediment elemental analysis was performed on the corresponding replicate
sediment samples (Paper II) using the X-ray fluorescence (XRF) analyser in the soil
mode. Samples were prepared and analysed in compliance with the US EPA method
6200 (EPA, 2007).

Dehydrated (freeze-dried) sediment samples were homogenized, weighed, and
distributed into XRF sample cups and compressed between Prolene film (Chemplex
Industries inc., Palm City, FL., USA) and glass fibre filter (Advantec, Tokyo, Japan).
Polyester fibre wool was used as a dumper material. Individual samples were
scanned two times (with X-ray beam collimated at the centre of the sample, and
deviating from the centre) to improve the volumetric representation. Negative blank
and positive reference samples (reference material NIST2709a, certified by Rigaku,
Tokyo, Japan) were applied (every fifth sample and each core sequence) and
analysed as an actual sample. Measured sediment sample concentrations were
accordingly adjusted to the averaged negative blank levels.
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Organic carbon, moisture content and density measurements

The sediment organic carbon and moisture content (Papers I and II) were determined
on the replicate sediment core samples by combustion method (disaggregated
samples were dried at 105°C and burned at 1350°C in a furnace).

Sediment bulk and dry bulk densities were determined from direct gravimetric and
volumetric measurements on the wet and dehydrated sediment samples (Papers I
and II).

Distribution predictors

The sediment-water partitioning coefficients K, [L kg™'] were calculated from the
measured PFAS concentrations in sediment [ug kg™'] and dissolved phase
concentrations [ng L™'] (surface water) (Paper I and II). The partitioning coefficients
(Kq) were further normalized to the organic carbon content (foc) and expressed as
carbon normalized sediment-water partitioning coefficient Koc [L kg '] (EPA,
1999; Ahrens et al., 2010).

Sediment core analysis

Core analysis was implemented to investigate the PFAS composition and
distribution in sediments. Estimated sediment accumulation rates (based on radio-
isotope analysis) and measured PFAS concentrations were used to estimate the
contaminant accumulation rates and indicate the contamination period (Paper I).
Furthermore, PFAS distribution in sediment column was correlated with sediment
organic and mineral contents, as well as sediment densities and moisture content
(Paper II).

PFAS-AFFF emission estimates

The contaminant emission estimates were conducted using Monte Carlo simulations
and accessible historical data (Paper III).

There is limited historical information available on AFFF use at the study site, as
well as AFFF type or/and composition utilized in the past. The contaminant release
was assessed in connection to suggested fire-training activities, equipment
utilization, and AFFF release scenarios. PFAS was considered as an active AFFF
surfactant and PFAS content in AFFF was estimated based on reported AFFF

36



compositions (Rupert et al., 2005). The surfactant (PFAS) and water release per
individual training session (fire-training and and/or equipment test activity) was
estimated according to the suggested equipment specifications and AFFF utilization
scenarios. The annual emission scenarios were estimated as a cumulative release of
individual training session scenarios per simulated period. An individual annual
emission scenario was estimated from subsampled individual release scenarios
considering possible variation of the training sessions per day (k), number of
exercises per period (j), and number of events per year (i):

PFASannual = le 211 Z% M per session Eqn- (1)

Data evaluation, calculations, and analyses were performed using Microsoft Excel
(Microsoft, proprietary), Argo (Booz Allen Argo, open source), and MATLAB
(MathWorks, proprietary) software. There is limited information available on exact
PFAS composition in related PFAS-AFFF formulations (Place and Field, 2012;
KEMI, 2015; Kérrman et al., 2016). Although, approximation on possible PFAS
composition was possible, due to the historical nature of the contamination and
possible variation in AFFF types, the PFAS emission estimates were restricted to
“blind” PFAS. Thus, simulation estimates are subject to uncertainty.

Experimental setup

In Paper 1V, the short-wavelength ultraviolet (UVC/VUYV) induced treatment of
PFAS was studied using an experimental setup. The setup was designed with
emphasis on in-line treatment trails and used for analysis of the removal efficiency
with perfluoro-sulfonamides (FASAs), fluorotelomer sulfonates (n:2 FTSAs),
perfluoroalkyl carboxylates (PFCAs), and perfluoroalkane sulfonates (PFSAs).

Setup design

A laboratory scale UVC/VUV-treatment unit was set in a column configuration.
Reaction chambers (columns x3) were consequently connected and looped to
approximate an in-line treatment process. The irradiation source (UV lamp) was
installed into the reaction chamber (column) using the immersion sleeve positioned
in the centre of the column body. The system transport was controlled using the
tubing looped at the sampling tank and peristaltic pump as a driver (Figure 5).
Necessary material considerations were made for the reaction vessel and transport
components to secure PFAS redistribution and sorption on the reaction chamber and
transport channel surfaces. Furthermore, the reaction chamber dimensions were
selected in order to optimise the exposure conditions (UV penetration and
distribution in water).
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Figure 5. UVC/VUV treatment unit, dimensions, and description: 1) reaction chamber, 2) distributor and sleeve fitting,
3) immersion sleeve, 4) UV source, 5) transport tubing, 6) pump tubing, 7) peristaltic pump, 8) distributor and
sampling chamber, and 9) auxiliary sensors (Figure 1 in Paper IV).

Experimental trials and quality control

In the experimental study (Paper IV), seven experimental trials were conducted.
These, including trials with negative blank samples, perfluoro-sulfonamides and
fluorotelomer sulfonates (positive blank and treatment samples), perfluoroalkyl
carboxylates and perfluoroalkyl sulfonates (positive blank and treatment samples).

Treatment trials and sampling were conducted at different exposure conditions (15
to 600 min), system volume (0.8 and 1.1 L) and hydraulic residence time (6.6 to
13.2 min) settings (Table 7).

Samples were collected in duplicates, using polypropylene pipette tips (discarded
after each duplicate sample); individual samples were transferred into pre-cleaned
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(sonication in methanol x2) injection vials and spiked with an internal standard mix
(20 uL). All samples were stored in dark at 4°C prior to analysis.

Prior to each experimental trial, the experimental setup was rinsed three times
(methanol x1 and Milli-Q water x2), refilled, and set running (with no exposure) for
an equilibration period of 10 hrs prior to measurements. Procedural positive samples
were therefore corresponding to the equilibrated system base line concentrations.

Auxiliary measurements, including the solution pH, temperature, and conductivity
were taken throughout the trials with the sensor installed in the sampling container.
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Results and Discussion

Surface water

PFAS contamination was investigated in two lakes: L (including pond P) and S
(Papers I and II). Both L and S, are located in a proximity to the airfields located in
Lulea (F21) and Ronneby (F17), respectively. Water contamination in both lakes is
connected to the application of PFAS-AFFF.

In Lake L (and adjacent pond P), 9 of the 26 investigated PFAS (i.e., PFBA, PFPeA,
PFHxA, PFHpA, PFOA, PFBS, PFOS, PFHxS and 6:2 FTSA) were detected (Table
1). For both lake L and pond P water, the PFAS composition profile was dominated
by PFSAs (70% of the XPFAS), followed by PFCAs (29%), whereas the
contribution of 6:2 FTSA was low (<1%). For the PFSAs, PFHxS was dominant
(48% of the 2 PFSAs), followed by PFOS (35%) and PFBS (17%). For the PFCAs,
PFHxA was dominant (56%) of the 2 PFCAs, followed by PFPeA (14%), PFOA
(12%), PFBA (11%), and PFHpA (7%).

Table 1. PFAS concentrations in duplicate water samples from the Lake L and pond P [ng L] (Table 1 in Paper

1).

PFBA  PFPeA  PFHxA PFHpA PFOA PFBS PFHxS PFOS 6:2FTSA ZPFASs

L 583 72 280 34 58 200 570 410 8 1700
P 56 66 260 30 51 150 500 260 1.5 1400

In Lake S (measured at locations F and G), 8 of 26 investigated PFAS were detected
(i.e., PFHxA, PFHpA, PFOA, PFNA, PFBS, PFHxS, PFOS, and 6:2 FTSA) (Table
2).

Table 2. PFAS concentrations in duplicate water samples from the Lake S measured at locations F and G [ng
L] (based on tables S4 and S5 in Paper Il).

PFHxA PFHpA PFOA PFNA PFBS PFHxS-L PFHxS-B PFOS-L PFOS-B 6:2FTSA  YPFAS

F 48 0.7 2.2 0.15 2.7 45 7.8 13 17 1.6 95
G 49 0.71 23 0.19 25 45 7.5 13 17 8.6 100
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The ZPFAS levels were identical at F and G (95 and 100 ng L', respectively) and
dominated by PFSAs, with a contribution of 84-90% for the sum of PFHxS and
PFOS (including both linear and branched forms) to the overall PFAS content.

Contamination of the Lake L and Pond P (Paper I) is suggested to be connected to
the PFAS emission from the same source (firefighting training facility at F21). This
is due to identical PFAS concentration and composition detected in water samples.
PFAS concentrations measured in water samples from L and P (ZPFAS) were
generally higher than in samples from other sites in Sweden (i.e., <80 ng L' ZPFAS
(Filipovic et al., 2015b) and <350 ng L' ZPFAS (Ahrens et al., 2015); comparison
was primarily restricted to the sites affected by PFAS-AFFF. High concentrations
can be due to the longer water retention time in isolated water bodies (i.e., lakes,
ponds) (Ahrens et al., 2015) as compared to runoff, rivers, and streams (Filipovic et
al., 2015a; Filipovic et al., 2015b; Cousins et al., 2016). Thus, it is suggested that
when interpreting detected PFAS levels, it is important to carefully consider water
exchange and transport conditions. Furthermore, when PFAS contamination is
primarily subject to AFFF application, the release scenarios, could play a role in
interpretation of the detected levels (Cousins et al., 2016). Measured PFAS levels
can be corresponding to an emergency PFAS-AFFF release (as in, e.g., Schiphol
Amsterdam Airport, Netherlands, and L.B. Pearson Airport, Canada (Moody et al.,
2002; Kwadijk et al., 2014)) or a historical emission (e.g., Flesland Airport in
Norway (Kérrman et al., 2011)).

In the Lake S (Paper II), presence of PFAS can also be connected to PFAS-AFFF
emission from the firefighting training facility at F17. Considering the lake volume
(approximately 12 x 10* m®), the total mass of PFAS in the water phase was
estimated at approximately 12 g absolute. PFAS levels in water samples were in the
same range as in measured surface water across Sweden (Gobelius et al., 2018).
PFAS composition (predominated by PFHxS and PFOS) was identical to reported
water samples from F18 airfield in Tullinge (suburb of Stockholm, Sweden)
(Filipovic et al., 2015b), Arlanda Stockholm Airport, Sweden (Ahrens et al., 2015),
and Schiphol Amsterdam Airport, Netherlands (Kwadijk et al., 2014).

Groundwater

In the analysed groundwater samples (Paper III) (corresponding to GW1, GW3, and
GW4), there were 12 out of 29 analysed PFAS (PFBS, PFHxS, PFOS, PFDS,
PFHpA, PFHxA, PFOA, PFNA, PFOcDA, 6:2 FTSA, 8:2 FTSA, and FOSA)
detected (Table 3). PFAS analysis indicated high groundwater contamination levels
at GW1 and GW3 with YPFAS concentrations of 4200+40 ng L' and 200001900
ng L, respectively, followed by relatively low levels at GW4 with YPFAS of 18+3
ng L.
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In the groundwater corresponding to GW4, PFAS composition was primarily
represented by PFOS (35%), PFHxS (32%), and FOSA (33%). At GW3, PFAS
composition was dominated by PFOS (48%) and PFHxS (33%); followed by
PFHxA (7%), PFOA (6%), PFBS (5%), and remaining compounds. Similarly,
PFAS composition at GW1 was primarily represented by PFOS (72%) and PFHxS
(19%), followed by remaining substances (<9%).

Table 3. Individual PFAS concentrations detected in groundwater samples from extraction points GW1, GW3,
and GW4 [ng L] (Paper lll, table S1 in supplementary materials).

PFBS PFHxS PFOS PFDS PFHpA PFHxA PFOA PFNA PFOCDA 6:2FTSA  82FTSA  FOSA

<1 5.1 5.3 <5 <5 <10 <5 <5 <10 <10 <1 53
GW4 <1 54 6 <5 <5 <10 <5 <5 <10 <10 <1 54
<1 52 5.8 <5 <5 <10 <5 <5 <10 <10 <1 55
190 1400 2000 <5 86 280 260 <5 <10 <10 <1 57
GW3 200 1400 2000 <5 82 290 260 <5 <10 <10 <1 5.7
180 1400 2100 <5 82 280 250 <5 <10 <10 <1 6.7
340 3600 14000 <5 140 640 350 <5 <10 36 6.1 80
GwW1 390 4300 16000 <5 150 720 390 8.8 12 41 55 93
390 3700 13000 9.7 130 690 340 <5 46 36 5.9 82

PFAS concentrations measured at GW1 (north) and GW3 (south) are indicative in
relation to the concentration gradient. PFAS concentrations are suggested to indicate
a unified emission source affecting the groundwater from the north. Difference in
the relative compositions is suggested to be connected to the contaminant mobility.
For PFCAs (PFHxA-PFHpA-PFOA), the observed composition shifted from 58-12-
30% at GW1 to 46-13-41% at GW3 (downstream). Whereas, composition of PFSAs
(PFBS-PFHxS-PFOS) changed from 2-21-77% at GW1 to 5-39-56% at GW3.
Furthermore, difference in detected levels (GW1 vs. GW3) for PFDA, PFNA, 6:2
FTSA, 8:2 FTSA, and FOSA is attributed to a possible effect of the molecular chain-
length of the PFAS transport. However, PFAS distribution in the groundwater can
be affected by different transport processes (including groundwater extraction and
groundwater table variation) and sorption processes related to characteristics of the
soil (Johnson et al., 2007; Hellsing et al., 2016; Weber et al., 2017). Therefore, until
the contaminant transport conditions are sufficiently established, the suggested
effect of the PFAS chain-length on transport should be considered with some
precaution.

Analysis of the POCIS deployed in groundwater wells at GW1 and GW3 showed a
slightly better method sensitivity (Paper 111, Table S2 in supplementary materials).
For PFCAs, detected in the samples corresponding to both GW1 and GW3, observed
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PFAS composition was extended to PFPeA, PFHxA, PFHpA, PFOA, PFNA, and
PFDA. It was also possible to conduct a semi-quantitative analysis of some
branched PFAS, thus extending the inventory to L-PFHxS, B-PFHxS, L-PFOS, B-
PFOS, L-FOSA, and B-FOSA (Figure 6).

6:2 FTSA 8:2 FTSA
<1% <1%

PFPeA PFHxA PFHpA PFOA PENA PFDA
6-16% 8-11% 1-2%  2-5% <1% <1%

PEBS PFHxS PFOS
6-11% 37% 17-37%

FOSA
<1%

MeFOSA
<1%

Figure 6. PFAS profile (“fingerprint”) based on detected in POCIS deployed at GW1 and GW3 (sorted left to right in
according to fluorinated chain-length) (Figure 1 in Paper IlI).

However, since the onsite calibration of POCIS was not possible and PFAS
concentrations were estimated using the previously reported sampling rates
(Gobelius et al., 2019), the analysis results were mainly considered for qualitative
assessment. PFAS composition detected in POCIS was identical to those measured
in groundwater samples and primarily represented by PFSAs (81% (GW1) and 65%
(GW3)) and PFCAs (18% (GW1) and 35% (GW3)).

Sediment

PFAS concentration in the sediment (ug kg dw) was analysed in sediment cores
samples collected from Lake L and S (Paper I and II). There were two sediment
cores analysed for Lake L (cores L1 (10 cm, n=10) and L2 (26 cm, n=13)) and three
for Lake S (cores E (34 cm, n=17), F (42 cm, n=14), and G (39, n=13)), respectively.

In the sediment samples from Lake L (Paper I), 6 out of 26 investigated PFAS were
detected, including PFBA, PFPeA, PFHxA, PFHxS, PFBS, and PFOS (Figure 7).
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Y PFAS concentrations ranged between <1.0 pg kg and 76 pug kg' dw. PFOS
(<0.5-64 and < 0.5-23 pg kg dw) and PFHxS (<0.5-7.4 and < 0.5-13 ug kg'dw),
were predominant in both sediment cores (L1 and L2, respectively) (Figure 7). The
average contributions of PFOS and PFHxS were 71% and 23% of the overall PFAS
content, while the contribution of remaining PFAS was <7%. PFAS composition
profiles for cores L1 and L2 showed identical patterns with maximum PPFAS
concentration at top sections (1-4 cm). The SPFAS concentration decreased
gradually from 76 to <2.0 ug kg™ dw (L1) and from 42 to <1.0 ug kg™ dw (L2).

PFAS concentration [ug kg™ dw] PFAS composition profile [%]
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Figure 7. PFAS concentration [ug kg™ dw] and relative composition by individual PFAS in sediment cores (L1 and L2)
from lake L. The concentration and composition of the not detected PFAS were set to half of the respective detection
limit; n/a = not available (Figure 2 in Paper I).

In studied sediments, maximum detected PFOS concentrations were 2—4 times
higher than those reported for PFAS contaminated sediment samples [ng g dw]
from a creek at the L.B. Pearson Airport, Toronto, Canada (Awad et al., 2011) and
channel at the Schiphol Amsterdam Airport, Netherlands (Kwadijk et al., 2014).

In the Lake S (Paper II), ZPFAS concentration in sediment core samples ranged
between 3.4-25, 4.9-38, and 3-61 pg kg dw in core E, F, and G, respectively
(Figure 8). PFAS composition in the sediment samples was identical and dominated
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by PFSAs (PFHxS and PFOS as sum of linear and branched isomers) with the
average contribution (n = 44) of 32 + 11% for PFHxS and 22 + 16% for PFOS,
followed by 6:2 FTSA (21 + 20%) and PFHXA (14 + 9%).

PFAS concentrations [;:g kg'1 dw] PFAS composition profile [%]
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Figure 8. PFAS concentration [ug kg™ dw] and relative composition by individual PFAS in sediment cores (E, F, and
G) from Lake S; “not detected” includes concentrations of PFHpA, PFNA, PFDA, PFUnDA, PFDoDa, MeFOSAA,
EtFOSAA and 0.5 MDL for the undetected PFAS (Figure 2 in Paper I1).

For the remaining PFCAs (PFHpA, PFNA, PFDA, PFUnDA, and PFDoDa) and
FOSAAs (MeFOSAA and EtFOSAA), the overall contribution was insignificant, as
these compounds were inconsistently present in top sediment layers (0—12 cm) with
total concentration of 0.6 (E), 2.4 (F), and 2.1 (G) pg kg™ dw.

In sediment core from Lake S, vertical distribution of PFAS in the sediment column
was considered as relatively even and dominated mainly by PFHxS and PFOS.
However, the 6:2 FTSA concentration in sediment samples was elevated in the top
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layer of Core G and ubiquitously present in sediment Core E (corresponding to south
and centre of the lake, respectively). This, in agreement with elevated 6:2 FTSA
concentration in the corresponding water samples (8.6 ng L™ at location G) may
indicate a recent emission or source located in the south of the lake.

Measured PFAS concentrations (dw) in sediments were similar to those reported for
Schiphol Amsterdam Airport (Netherlands), whereas PFHxXS concentrations were
one order of magnitude higher (Kwadijk et al., 2014). The PFAS composition was
similar to sediments from Lake Halmsjon (Sweden) (Ahrens et al., 2015). The
elevated 6:2 FTSA levels were similar to sediment from Lake Langavatnet
(Norway) (Kérrman et al., 2011). > PFAS concentrations in surface sediment (dw)
were 1-10 times higher than reported for Laurentian Great Lakes (Canada-US)
(Remucal, 2019).

Distribution predictors

Sediment-water partitioning coefficients K, (L kg') and sediment organic carbon
normalised partitioning coefficients Koc (L kg') were estimated based in PFAS
concentrations detected in lake water samples and sediment core samples (Paper I
and II).

For Lake L (Paper 1), sediment-water partitioning coefficients were derived from
PFAS concentrations detected in bulk water samples (ng L") and sediment samples
(ng kg™ dw) corresponding to the top layers in core (1-2 cm, L1) (Table 4).

Table 4. log Ka (sediment-water partitioning [L kg™']) coefficients and log Koc (organic carbon normalised
sediment-water partitioning [L kg™']) coefficients for sediment (1-2 cm surface layers) at Lake L (Table 1 in
Paper 1). *) note: a miscalculation was found in Koc estimates, thus presented values correspond to corrected
from these stated in the original table (Table 1 in Paper I).

PFBA PFHxA PFBS PFHXS PFOS
Log Kd (L1) 14 0.9 0.8 11 2.19
Log Kd (L2) 1.2 0.8 0.6 1.0 2.1
Log Koc (L1)* 35 3.0 2.9 3.2 4.31
Log Koc (L2)* 3.4 2.9 2.8 3.15 4.27

Connection between perfluoroalkyl chain length (CF, moiety) and partitioning
coefficients (K and Koc) was relevant for PFSAs (Higgins and Luthy, 2006; Ahrens
et al., 2009; Ahrens et al., 2011); whereas no trend was observed for PFCAs.

The sediment log Koc values were in agreement with previous studies in freshwater
systems (Kwadijk et al., 2014), whereas the sediment log Koc was approximately
one log unit lower than reported previously in saline water systems (Ahrens et al.,
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2010; Ahrens et al., 2011). The partitioning of PFAS might have been impacted by
the sediment mineral content (i.e., electrostatic surface interactions) (Johnson et al.,
2007; Hellsing et al., 2016) or solute metal ion concentrations (Higgins and Luthy,
2006). Structural, solution-specific, and medium related parameters need to be
considered to explain the partitioning behaviour of PFAS in solid-aqueous phase
systems. For the estimation of sediment sorption coefficients, the concentration ratio
for dissolved and sorbed phases is universally considered as a system at equilibrium
(Baum, 1997). However, the assumption of equilibrium is not always applicable in
natural systems, where a certain mass exchange normally exists between water
bodies (Krabbenhoft et al., 1990; Sacks et al., 1998). In the given system, the PFAS
equilibration process is strongly impacted by extensive seasonal spikes (during the
spring) from the surface flow (runoff) (Bengtsson and Westerstrom, 1992).
Furthermore, an exchange with groundwater might contribute to a continuous
dilution of the contaminated lake water. Thus, despite agreement with previously
reported values, the provided sediment-water partitioning coefficients should be
considered with a certain precaution (Xiao, 2015).

For the distribution predictors investigated at Lake S (Paper II), K (L kg™) and Koc
(L kg™ coefficients were estimated based on PFAS concentrations in water samples
(ng L") collected close to the bed surface (F and G) and sediment core sample
concentrations (ug kg™ dw) throughout the entire core (F and G).

Table 5. Log Ka (sediment-water partitioning [L kg™]) coefficients and log Koc (organic carbon normalised
sediment-water partitioning [L kg™']) coefficients for sediment at Lake S (Table S9 in Paper ll).

PFHxA PFOA PFBS L-PFHXS B-PFHXS L-PFOS  B-PFOS  6:2FTSA
Ka (F) 231 0.63 1£0.13 562+ 248 + 348 ¢ 392+ 0.66 +
0.08 (14)  0.06 (14)  (14) 0.29(14) 0.18(14) 0.61(14) 0.43(13) 0.26 (12)
Koc (F) 433+ 263+ 3.02+ 762+ 449+ 549 + 5.94 + 2.68 +
0.07 (14) 0.06(14) 0.13(14) 027(14) 0.18(14) 0.62(14) 0.45(13) 0.24(12)
Kq (G) 2151 0.57 % 092+ 548 + 239+ 323+ 367+ 3.02+
0.12(13) 0.17(13) 0.12(13) 0.34(13) 0.17(13) 0.76(13) 0.66 (13)  0.63 (13)
Koc (G)  4.18+ 26 2.95+ 753+ 442+ 527 + 5.68 + 5.05 +

0.11(13) 0.15(13) 0.1(13)  0.32(13) 0.16(13) 0.77(13) 0.65(13) 0.6 (13)

In core F and G, K4 and Koc values were consistent for PFHxA, PFOA, PFBS,
PFHxS, and PFOS, except for 6:2 FTSA. For PFSAs, there was an increase observed
in K4 and Koc values in connection to perfluorocarbon moiety as PFBS < B-PFHxS
< L-PFOS = B-PFOS, except for L-PFHxS. There was no relation with
perfluorocarbon chain length observed for PFCAs (Table 5). The Koc values were
generally higher than K; values, indicating an affinity of PFAS to organic carbon,
which agrees with previous studies (Ahrens et al., 2011; Jeon et al., 2011; Remucal,
2019). However, it is suggested to consider the field derived Koc values with a
certain precaution. Due to the surfactant nature of PFAS and related interaction
mechanisms with surfaces, the organic carbon normalized Koc may not fully
represent the medium (Xiao, 2015; McCarthy et al., 2017a).
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Field-derived log Ks values were slightly higher than reported for corresponding
PFAS in lake sediments at Stockholm Arlanda Airport (Ahrens et al., 2015) and
river sediments at Schiphol Amsterdam Airport (Kwadijk et al., 2014). For PFOS,
log K4 values were about two times larger than reported for marine sediments
(Ahrens et al.,, 2011; Chen et al., 2012). It is important to note that PFAS
concentrations in sediments can be a result of a recent release or historical emission
(Awad et al., 2011; Zareitalabad et al., 2013; Filipovic et al., 2015b). Hence, unless
the spatial and temporal conditions are established, field-derived K, values should
be considered with a certain precaution, as well as the local equilibrium conditions
need to be properly established.

Core analysis

Primary objective of the core studies conducted at the Lake L was to evaluate
contamination history of the PFAS exposed recipient (Lake) and estimate the PFAS
accumulation rates (Paper I).

The radioisotope analysis was conducted on the replicate sediment samples
corresponding to core L2. The sediment accumulation rates were estimated based
excess radioisotope activity (*'°Pb/***Ra) measured in corresponding sediment core
samples. The estimated uncertainty of the analysis was £11% for the detection
between 0.6 and 40 dpm g™ (disintegrations per minute per mass) at 95% confidence
interval.

The constant rate of supply (CRS) model was used for sediment age prediction
(Sanchez-Cabeza et al., 2000; Swarzenski, 2013). The CRS average sediment
accumulation rate estimate shows agreement with the linear regression estimate (at
0.4 kg m? yr'"). Sediment accumulation rates (CRS model) calculated for core L2,
showed a decrease with depth from 9.2 kg m? yr'' (2-4 cm) and 8.4 kg m? yr' (4
6 cm) to 0.29-0.31 kg m? yr' (6-12 cm); at the surface layers the accumulation rate
was estimated as 0.3 kg m™ yr''. The decrease in sediment accumulation rate, as
well as rapid increase in the sediment bulk density, beginning at 8 cm depth is
suggested to represent the “younger” sediment (less than 50 years old) overlying an
older base sediment (between 1968 and 2009); thus, reflecting the lake sediment
formed (accumulated) on an artificially excavated reservoir.

The estimated PFAS accumulation rates showed an increased activity for the period
post 2003 with a flux of 12 pg m? yr''1 dw for ZPFAS. The PFAS flux increased
from 2.3 mg ug m? yr'l dw in 1994 to 11 pg m? yr'l dw by 2009. Over the
accumulation period between 1994 and 2009, the lake sediment surface
(corresponding to L2) received ZPFAS of 213 ug m™ yr''l dw (65 pg m? yr'l dw
for PFHxS and 125 pg m? yr'1 dw for PFOS). Based on observations, the PFAS
accumulation is suggested to have started approximately in 1994 (Figure 9).
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Figure 9. PFAS accumulation in the sediment (corresponding to L2) estimated for the suggested period (Figure 3 in
Paper 1); Note (not reflected in the enclosed study (Paper 1)): it was later confirmed from other sources, that according
to workers at the excavating company, the excavation below the groundwater surface (currently confining the Lake L)
was active between 1974 and 1998 and completed in 2000. Thus, there was no lake in 1968; and thus, the estimated
PFAS accumulation rates can only be valid for the period starting from 1994.

Furthermore, correlation between PFAS concentrations in sediment and sediment
fraction organic carbon (foc) was tested. PFHxS (r=0.73, p<0.026) and PFOS
(r=0.74, p<0.023) were found positively correlated (Pearson pairwise) with
sediment foc.

Identically to core analysis described above (Paper 1), the study of Lake S (Paper II)
the initial objective of the analysis was to evaluate the contamination history of the
PFAS exposed recipient (Lake S). This was done to obtain an indicator of the overall
contamination period at the studied site.

There were two independent core investigations (radioisotope analysis vs. PFAS
analysis) conducted in 2016 and 2017 (not included in the appended study (Paper
II)). Unfortunately, assessment of the sediment accumulation rates and PFAS
temporal distribution was not possible due to inconclusive analysis results. On the
first core analysis attempt (10.5 cm deep core with 1.5 cm per section), the
radioisotope analysis (*'°Pb/***Ra) on the replicate sediment core samples showed
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inconsistency in estimated sediment accumulation rates (CRS). The sediment
accumulation rates were deviating from 0.0041 kg m™ yr'' at the age at the bottom
of extrapolated core section of <200 years (6—8 c¢cm) to 0.0052 kg m? yr'' at <160
years; and to 0.0036 kg m? yr! at <120 years (4—6 cm); and further 0.004 kg m? yr’
! at <60 years (24 cm) and to 0.0059 kg m? yr' at <40 years (0—2 cm). In the
second attempt, cores were resampled at different location and core segmentation
was changed to 3 cm per section. However, the radioisotope analysis (*'°Pb) was
not conclusive due to very weak signal from the sediment samples. The radiocarbon
(**C) analysis was considered as an alternative. However, application of the
radiocarbon analysis was later dropped due to risk of interference from possible
modern carbon deposits in the sediment.

The sediment core study for Lake S was further extended to investigation of the
influence of sediment specific characteristics on PFAS distribution (Paper II).
Therefore, an additional core analysis was performed with combination of PFAS
analysis and XRF analysis.

The sediment core samples from the Lake S (Paper II) were identified as fine detritus
gyttia (E) and coarse detritus gyttia (F and G). Sediment densities were consistent
in sediment cores E, F, and G with the average density of 1.0 + 0.06, 0.97 = 0.05
and 0.98 £+ 0.03 kg L™, respectively. The average fraction of organic carbon (foc)
was 0.96 = 0.03, 0.95 £ 0.04 and 0.95 = 0.07 for sediment cores E, F, and G,
respectively. The mean dry bulk density (pa- k), however, was slightly lower in
core F (0.03 £ 0.01 kg L™") than in cores E and G (0.04 = 0.01 and 0.04 = 0.02 kg
L', respectively). The sediment in cores (E, F, and G) were considered identical
and mostly represented by organic matter (Paper II, Table S1 in supplementary
materials).

Based on XRF analysis, the sediment mineral content in cores F and G was
represented by sulphur (12.000 + 2900 and 13.000 + 1900 mg kg™' dw,
respectively), iron (9100 + 1600 and 9100 + 2300 mg kg ' dw, respectively) and
calcium (6800 + 1500 and 14.000 = 2800 mg kg ' dw, respectively) (Paper II, Tables
S10 and S11 in supplementary materials).

The relationship between individual PFAS concentrations and sediment fraction
organic carbon, densities, and moisture content was studied for four PFCAs
(PFHxA, PFHpA, PFOA and PFUnDA), three PFSAs (PFBS, L-PFHxS, B-PFHxS,
L-PFOS and B-PFOS), MeFOSAA and 6:2 FTSA. Out of eleven studied PFAS,
only long-chained PFUnDA (r =—0.8, n = 8) and L-PFOS (r = —0.4, n = 43) showed
a negative correlation (p < 0.05) with fraction organic carbon (Paper II, Table S12
in supplementary materials). All PFSAs and PFOA showed a weak negative
correlation with bulk sediment density. For the dry bulk density, PFHxA (r =—0.4,
n = 44), PFOA (r = —0.8, n = 43) and PFBS (r = —0.5, n = 44) showed a negative
correlation (Paper II, Table S12 in supplementary materials). There was no
significant correlation with the moisture content observed.
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Correlation between individual PFAS concentrations and sediment elemental
content was studied for PFHxA, PFOA, PFBS, PFBS, L-PFHxS, B-PFHxS, L-
PFOS, B-PFOS, and 6:2 FTSA (n = 26) (Paper II, Table S13 in supplementary
materials). All PFSAs showed a positive correlation (p < 0.05) with sulphur (rs =
0.5-0.6) and titanium (r; = 0.5-0.6); moreover, for long-chained PFSAs (i.e., PFHxS
and PFOS), a positive correlation was found for sediment lead (rs = 0.6—0.7), arsenic
(rs = 0.6-0.7), and iron (rs = 0.5-0.6). For PFCAs, PFHxA showed a positive
correlation with sediment rubidium, (rs = 0.4) lead (rs = 0.6), and arsenic (rs = 0.6)
and a negative correlation with calcium (rs = —0.5). PFOA was positively correlated
with sediment lead (rs = 0.5), arsenic (rs = 0.4), and titanium (rs = 0.4).

Principal component analysis (PCA) was performed on standardized parametric
data (n = 26, sediment cores F and G) (Figure 10). The overall data variability was
sufficiently explained as 43, 24, and 12% within the first three component spaces
(Paper 11, Figure S1 in supplementary materials). Within the first component space
(43% variation explained), the long-chain PFSAs (L-PFHxS, B-PFHxS, L-PFOS,
and B-PFOS) followed by sediment arsenic and lead had strong contribution to the
data variability. For the short-chain PFBS, sediment rubidium and titanium
contributions were identical on the lower level. L-PFOS, sediment iron and sulphur
had a similar contribution to the variance within both first and second component
spaces (<67% variance explained). PFCAs and contravariant dry bulk density
contributions were relevant within first and (on greater level) second component
spaces. Contribution of the fraction organic carbon and moisture content was
relevant within the second component space only and represented by <24% data
variability. Overall, PFSAs variation showed an alignment (correlation) with
sediment arsenic, lead, rubidium, titanium, and sulphur. PFCAs were negatively
correlated to dry bulk density. There was no clear correlation between individual
PFAS and fraction organic carbon.

In the studied sediments, long-chain PFCAs and PFSAs showed significant
correlation with sediment lead, arsenic, iron, titanium, and sulphur (p < 0.05). This
is in agreement with previous studies, indicating a major effect of the electrostatic
interaction with the mineral content of the medium (Jeon et al., 2011; Hellsing et
al., 2016). The slightly stronger correlation with sediment dry bulk density (r; =
—0.6-0.7) may indicate the association with aqueous phase and the mechanical
impact of media pore space on PFAS distribution.
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Figure 10. Bi-plot of parameter contribution of data variance within the first (43% explained) and second (24%
explained) component spaces, including PFCAs and FTSA (red); PFSAs (blue); sediment iron, lead, rubidium, arsenic
and titanium (black); sediment sulfur and calcium (yellow); sediment densities (odry buk and pruk) and moisture content
(MC) (magenta); and fraction organic carbon (foc, green) (Figure 3 in Paper Il).

Measured sediment elemental content was primarily subjected to the solid phase.
This is due to lacking significant correlation with sediment dry bulk density and
moisture content. However, inorganic content was measured in bulk dried samples
and can represent both matter of the solids and corresponding species (or/and
complexes) in aqueous phase (EPA, 1999). Previous studies have shown that
sorption of PFAS is impacted by pH and suggested to decrease in K, values with
increasing pH, which is most likely due to pH depending changes in zeta potential
of the solid surface (Higgins and Luthy, 2006; Johnson et al., 2007). It is suggested
that the partitioning of PFAS (in particular long-chained PFSAs) in natural media
could be affected by the presence of metal oxides and metal-ligand complexes
(carbonate, sulphate or phosphate ligands) in aqueous phase. This was, however,
beyond the scope of the study.
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PFAS-AFFF profiling

Identification of possible PFAS-AFFF formulations was conducted based on cross-
evaluation of the individual PFAS detected in POCIS (Paper III) and elsewhere
reported PFAS compositions detected in PFAS-AFFF samples (Table 6).

There are a few possible PFAS-AFFF types suggested. The PFSAs based PFAS-
AFFF (often referred as Legacy foam) is suggested to be the major contributor to
PFAS emission. This is in connection to the PFSAs (PFBS, PFHxS, and PFOS)
profiles observed in the groundwater samples. The PFCAs composition, on the other
hand, is attributed to PFCAs/FTSAs based PFAS-AFFF and alternatively to FTSAs
based PFAS-AFFF (assuming possible FTSAs to PFCAs transformation) (Kissa,
2001; Buck et al., 2011; KEMI, 2015).

Furthermore, traces of perfluoroalkane sulphonamides substances such as FOSA
and MeFOSA, are considered as an indicator of the fluorination method used for
production of the corresponding PFAS. FOSA and MeFOSA can be linked to the
PFAS synthesis involving electrochemical fluorination (Buck et al., 2011). Thus,
the detected FASAs are associated with the raw material used in electrochemical
production of detected PFSAs (PFBS, PFHxS, and PFOS) and indirectly confirming
the PFSAs based origin of PFAS-AFFF. The PFCAs (PFPeA, PFHxA, PFHpA,
PFOA, PFNA, and PFDA) detected in the groundwater samples can be attributed to
electrochemical fluorination as well as fluorotelomer processes (Buck et al., 2011).
FTSAs, on the other hand, can strictly be associated with the fluorotelomer process-
based origin. Assessment of the PFSAs vs. FPCAs and FTSAs traces, as well as
analysis of the FASAs, are useful in identification of the synthesis processes and
related PFAS-AFFF origin (Moody and Field, 2000; Kérrman et al., 2011; Kdrrman
etal., 2016).

However, PFAS-AFFF identification based on measured PFAS composition in
groundwater is neglecting possible effects of transport and retention. Thus, detected
PFAS composition may not fully represent the actual PFAS composition in PFAS-
AFFF. The assumptions on the PFCAs/FTSAs based PFAS-AFFF should be
considered with precaution. Further investigation is necessary to establish the
transport conditions and confirm the connection between PFAS in groundwater and
emission source.
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Table 6. PFAS compositions detected in available PFAS-AFFF samples (based on table S3 in Paper Ill).*

(*) shown PFAS compositions nor concentrations might not fully represent the actual PFAS composition in PFAS-AFFF,
(1) corresponding to US market, (2), corresponding to Swedish market, (3) used in 1980s-2008, (4) used in 1980s—
present, (5) unspecified period of use by 2014, (6) individual PFAS with possibly different functional group configuration
than stated (Place and Field, 2012; KEMI, 2015)
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PFBA ? 27% 10% 5% 7% 1%
PFPeA ? 20% 2% 3% 4%
PFHxA ? 9% 18% 49% 62% 1%
PFHpA ? 2% 1% 1%
PFOA ? 1% 2%
PFDA ? 1% 1%
PFBS x%®
PFHxS x%
PFHpS x%
PFOS X%
10:2 FTSA x%® x%® x%® x%® ? ? ? ? ?
8:2FTSA X%© X%®) x%® x%® x%® ? ? ? ? ?
6:2 FTSA x%® x%® x%® x%® x%® 43% 1% 41% 24% 98%
4:2 FTSA x%® x%® ? ? ? ? ?

AFFF emission estimates

Simulation of the potential PFAS release (production) scenarios was conducted for
an individual fire-training session, as well for a possible annual emission.

The individual fire-training session scenarios were simulated considering possible
variation in the AFFF stock solution composition, surfactant composition (PFAS
content), AFFF solution, and equipment utilisation. For the AFFF stock solution
composition, prior population boundaries were assigned as [0.5 <.065+0.21 <0.9]
for water content, [0.1 <0.17+£0.054 <0.24] for surfactant content (not restricted to
PFAS), and [0.5-1] as an additional parameter for surfactant composition (or PFAS
content) (Rupert et al., 2005; Place and Field, 2012). AFFF dilution scenarios were
estimated based on reported and suggested by F17 former personnel (with prior
population set as [0.01 <0.03 <0.04]). With suggested equipment utilization
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scenarios, the PFAS emission per an individual training session [kg] was estimated
as [1.4 <11.5+£5.7 <43.7] (n=20000, average deviation (adev)=4.5). Similarly,
release of water [L] corresponding to content in AFFF, was estimated as [945
<1985+594 <3032] (n=20000, adev=515). Furthermore, with suggested exercise
routine, the annual PFAS emission rate [kg yr'] was estimated as [6 <414+436
<5462] (note: these values correspond to one individual simulation (»=20000))
(Figure 11).
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Figure 11. Evaluation the PFAS emission scenarios. A: black dots represent simulated individual PFAS emission
scenarios (corresponding to an individual fire-training session); blue dots represent the mean of the subsampled n-
scenarios with white area corresponding to + one standard deviation; red line at top and bottom represent the
maximum and minimum of the subsampled n-scenarios respectively, with green lines corresponding to + one standard
error. Vertical axe corresponds the variation in individual emission scenarios and horizontal axe corresponds to set of
individual samples (n=20000 x1005). B: blue circles indicate the number of subsampled session scenarios in A;
vertical black lines correspond to suggested most-likely exercise routine with 3 consequent training days per annual
exercise occurrence. C: comparison of the distribution of the simulated annual release scenarios (blue dots) vs
Gaussian distribution (cyan); vertical dashed magenta lines correspond to first and third quantiles of the data. D:
Estimates on annual PFAS emission (blue line) vs number of individual training sessions, shown as a linear fit with
green line corresponding to + three standard deviations; vertical magenta line corresponds to estimated median,
vertical black line corresponds estimated mean, and dashed vertical magenta lines correspond to first and third
quantiles of the data (Figure 2 in Paper Il1).

The annual release scenarios were evaluated based on subsamples from simulated
individual emission scenarios (per fire-training session). Subsampling and
calculations were conducted using suggested fire-training exercise routines
(including 2-6 individual sessions per day, 1-5 training days, with 1-5 occurrences
per year); there were 1005 annual release scenarios evaluated (Figure 11).
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The estimated annual emission scenarios varied between [11 <4014+233 <1125 kg
yr''], corresponding to [2 <35+20 <96] individual fire-training sessions per year
(n=1005) (Figure 3). With further approximation, the annual PFAS emission can be
estimated for the suggested most-likely exercise routine scenario as 3 consequent
training days per occurrence and 2—4 occurrences per year. Thus, for the scenario
with 6-60 individual sessions carried out per year (with 1-5 sessions, 3 training
days, and 1-4 occurrences per year), the annual emission range is approximately
100-700 kg per year. However, since the annual emission scenarios are based on a
rather limited sample, given estimates are strictly relative to evaluated population.
Further investigation is necessary to validate the estimate accuracy.

Due to limited data available for both possible PFAS-AFFF composition and
historical records of AFFF use at the studied site, it was not possible to estimate the
individual PFAS emission. The estimates of PFAS release were conducted with no
restriction to actual PFAS composition in the PFAS-AFFF stock solution. The
overall surfactant composition in the PFAS-AFFF was considered to include
fluorinated (PFAS) and non-fluorinated surfactants. There is, however, limited
information available regarding the surfactant composition as well as exact PFAS-
AFFF formulation (type).

PFAS estimates were made in an attempt to reconstruct the historical emission as in
connection to PFAS-AFFF release scenarios and fire-training activities.
Calculations were made in a semi-quantitate manner, considering the range of both
PFAS-AFFF contents and application scenarios. However, for an accurate
assessment, it necessary to further clarify the AFFF application history. This
including the PFAS-AFFF stock solution formulations, PFAS/surfactant
composition in AFFF, and AFFF application routine (frequency and duration).

Transport considerations

In Paper I1I, PFAS emission was connected to the PFAS-AFFF application during
fire training and equipment test at FTF. The spatial distribution of PFAS and
contamination of the aquatic environment is primarily associated with transport in
the dissolved state, including transport with surface runoff, advective-diffusive
transport with groundwater, and further distribution with raw water extraction
(Figure 12).

The initial stage of emission was associated with fire-training activities at FTF
(Paper III, Figure S1 in supplementary materials). Training activities included
simulation of the offsite aircraft rescue missions. Primary AFFF application was
connected to dispatch of the rescue vehicle and putdown of an open fuel pool fire.
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Figure 12. Conceptualisation of the PFAS release, transport, and distribution at the site surrounding the aquatic
environment (Figure 4 in Paper IlI).

According to former personnel, the exercise included an initial blast (on-vehicle) of
the rescued aircraft with AFFF. Consequently, when the simulated aircraft fire is
partially supressed, a secondary suppression was conducted (off-vehicle) with
targeted application of AFFF. It was also suggested (by former personnel), that fire
training sessions were possibly followed by clean-up stages where the aircraft crash
simulation area was flushed with water. It is therefore assumed, that an individual
training session could contribute to generation of a substantial amount of liquid.
Thus, including AFFF release, AFFF dissociation and possible post-application of
water, the mass generated during the exercise session is considered sufficient for
possible PFAS transport with surface runoff. The transport and distribution with
runoff, however, are affected by topographical features and soil saturation
conditions of the area surrounding the FTF. Furthermore, the PFAS transport with
surface runoff may have been affected by re-direction of surface flows with the
drainage system at FTF. However, very limited information is available on the
drainage operation period as well as its transport capacity. It is presumed that the
PFAS transport with surface runoff and following distribution processes are
associated with hydrological processes of much longer response time. PFAS
distribution associated with infiltration process and transport in unsaturated soil, is
considered as primary contributor to PFAS accumulation in porous media, as well
as a shift in PFAS composition prior to further advective transport. However, due
to complex interaction mechanisms in the porous media, the PFAS transport in
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unsaturated soil is difficult to predict with certainty, not least due to limited data
available on the contaminant emission.

The advective stage of the PFAS transport is primarily subject to transport in
dissolved state (with groundwater). Although, the PFAS transport is assumed to
primarily occur in soil of high permeability and mostly connected to free-water
mobility, the retardation/sorption process is relevant to certain soil fractions and
compositions. Ultimately, the PFAS sorption and transport in aqueous-solid, solid-
air, and aqueous-air interfaces are complicated and not well studied processes. The
PFAS sorption/interaction can be affected by mineral composition of the
heterogeneous media as well porosity and pore-size distribution (Johnson et al.,
2007; Jeon et al., 2011; Weber et al., 2017; Pereira et al., 2018). Further
investigation is required to a better understand the PFAS distribution in soil and
groundwater.

Further PFAS transport was primarily connected to groundwater extraction,
processing, and distribution with drinking water. Since water treatment, prior to
plant modification, was restricted to treatment barriers insensitive to PFAS, the
drinking water is assumed to have been contaminated for an extended period.

PFAS treatment (UVC/VUYV)

The experiments on UVC/VUYV induced PFAS removal in water (ultrapure water)
were conducted in the set of experimental trials with different exposure conditions
(i.e., hydraulic residence time, different PFAS combinations and exposure times)
(Table 7). The UV output (emission) was kept constant throughout the experiments;
UV transmission was primarily controlled by the immersion sleeve material with
(calculated) 0.067 W mm™ at 254 nm and 0.002 W mm™' at 185 nm delivered to the
aqueous phase. For better representation of the actual exposure (contact) times and
comparison between experimental trials, corresponding sampling times were
accordingly converted and expressed as (nondimensional) treatment cycles.

In trials with negative blank samples (A1) the occurrence of potential degradation
and transformation products produced by the system material (during exposure to
UVC/VUV) was validated. The system was set operating with UVC/VUYV exposure
for 10 hrs prior to consequent sampling during the 300 min exposure period. There
was no PFAS contamination observed in samples taken during the studied exposure
time, except for single detection of 6:2 FTSA at <10 ng L. The experimental
quantification limits were adjusted accordingly (Paper IV, Table S2 in
supplementary materials).
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Table 7. Experimental trials and corresponding sampling conditions (Table 1 in Paper IV).

(™ hydraulic residence time (HRT), @

corresponding blank sample trials, ) no exposure to UVC/VUV

Trial Spike Exposure time Sample type System volume ~ HRT®
A1@ No spike 300 min negative blank 13.2 min
B1@ 10:2 FTSA, 8:2 60 min® .
B2® FTSA, 6:2 positive blank
FTSA, FOSA . 6.6 min
B1 and FOSAA 300 min treatment
B2 sample 1.1L
c1@ PFBS, PFHXS, 45 min® five blank
c2@ PFOS, PFHPA, 60 min® positive blan _
PFOA and . 13.2 min
C1 PENA 300 min treatment
C2 sample
c3@ PFBS, PFHxS, 15 min® ive blank
ca® PFOS,PFOA 15 min® positive blan 0sL o6 i
C3 and PENA 120 min treatment ’ '
c4 600 min sample

Removal of perfluoro-sulfonamides (FOSA and FOSAA) was studied in
experimental trials B1 and B2. The equilibrated concentrations were measured in
positive blank trials (taken post 10 hrs equilibration period) and estimated as 88+9
(n=6)ng L' and 92+10 (n=5) ng L' for FOSA, and 563+50 (n=6) and 101£11 (n=5)
ng L' ng L' for FOSAA in experimental trials B1 and B2, respectively (Paper IV,

tables S4 and S6 in supplementary materials).

In the measured concentrations of both FOSA and FOSAA, there was an increase
observed in beginning of the treatment process, followed by degradation in 20
treatment cycles for FOSA and 10 treatment cycles for FOSAA, respectively
(Figure 13).

Figure 13. UVC/VUV induced reduction in measured FOSA and FOSA levels (experimental trials B1 and B2) (Figure
2 in Paper IV).
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Reduction occurred with estimated degradation half times of 0.96 hrs (k= -0.0002
at R’=0.82) for FOSA and 0.17 hrs (k= -0.0011 at R>=0.64) for FOSAA,
respectively.

Removal of the fluorotelomer sulfonates (including 10:2 FTSA, 8:2 FTSA and 6:2
FTSA) was studied in experimental trials B1 and B2. The measured equilibrated
concentrations were 31+6 (n=6) ng L™ and 20+5 (n=5) ng L' for 10:2 FTSA,
835+109 (n=6) ng L' and 496+52 (n=5) ng L' for 8:2 FTSA and 1183+133 (n=6)
ng L' and 1098+74 (n=5) ng L' for 6:2 FTSA, respectively (Paper IV, Table S4
and S6 in supplementary materials).

For fluorotelomer sulfonates, the variation in measured concentrations showed a
common pattern of identical increase above the equilibrated baseline concentrations
as observed with perfluoro-sulfonamides (Figure 13). Reduction occurred within
about 20 treatment cycles for 10:2 FTSA and 8:2 FTSA, and about 10 treatment
cycles for 6:2 FTSA (Figure 14). The observed degradation half times were
estimated as 0.96 hrs (k= -0.0002 at R°>=0.68 and R?>=0.77) for 10:2 FTSA and 6:2
FTSA, followed by 0.64 hrs (k= -0.0003 at R?>=0.85) for 8:2 FTSA.

In samples corresponding to treatment trials B1 and B2, respectively, occurrence of
PFCAs was observed with concentrations of 41+21 (n=8) ng L' and 63+43 (n=12)
ng L' for PFHpA, 16+6 (n=4) ng L' for PFHxA, and 37+30 (n=12) ng L' and
57+46 (n=13) ng L™ for PFOA. Production of PFCAs occurred in the beginning of
the treatment process, followed by removal within approximately 18 treatment
cycles (Paper IV, Table S4 and S6 in supplementary materials).

450

10:2 FTSA

8:2 FTSA

2500

6:2 FTSA

400 v 1600 i [
350 \V4 1400 & 2000 F % %V
300 | x 7 V7
o 7 ¢ 1500 K7 X “w
200 \v4 <§::,,:,::,,::?S,::,::,,:,,:: s
$ 1000 X
® 150 = v ¥
] « 800 % V
g \v4 X
3 100 \V4 600 - %
) v * v
£ X7 400 v
c % X
S sof VX v X 7
g
£ X
1 < S 200 - v
8 v VVVVVVVVVVVVVV X Trial B1 *
rial
zé vv X 1901 foemses quilibrated
\vame I - </ Trial B2
100F [ G quilibrated
N4
X X
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50

Treatment cycles

Treatment cycles

Treatment cycles

Figure 14. UVC/VUV induced reduction in measured 10:2 FTSA, 8:2 FTSA and 6:2 levels (experimental trials B1 and
B2) (Figure 3 in Paper IV).
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Removal of perfluoroalkyl carboxylates was studied in experimental trials C1, C2,
C3, and C4. These included PFHpA (C1 and C2), PFOA (CI1 trough C4) and PFNA
(C1 trough C4) (Paper 1V, Table S8, S10, S12, and S14 in supplementary materials).

For PFOA and PFNA, there was no significant fluctuation observed between
equilibrated concentrations and concentration at the start of the treatment process
(Figure 15). Reduction occurred simultaneously with exposure to UVC/VUV
followed by drop from the initial equilibrated concentrations as 3314177 (n=7),
1700+£141 (n=5), 983+83 (n=4) and 2100482 (n=4) ng L' for PFOA (C1 trough C4);
3300+183 (n=7), 1760+ 230 (n=5), 923434 (n=4), and 1975+50 (n=4) ng L' for
PFNA (C1 through C4) (Paper 1V, tables S7, S9, S11, and S13 in supplementary
materials). For PFHpA, the initial treatment process concentrations were exceeding
the equilibrated (baseline) concentrations (as 40+2 (n=7) and 18+2 (n=5) ng L in
trials C1 and C2, respectively).

Removal of PFCAs (including PFHpA, PFOA, and PFNA) occurred within
approximately 10 treatment cycle. The observed degradation halftimes were
estimated as 0.64 hrs (k= -0.0003 at R?=0.62) for PFHpA (C1 and C2), 0.24-0.27
hrs (k=-0.0007 at R*=0.93 (C1 and C2) and k= -0.0008 at R>=0.97 (C3 and C4)) for
PFOA and 0.21 hrs (k= -0.0009 at R?>=0.96 (C1 and C2), and at R>=0.94 (C3 and
C4)) for PFNA.

PFHxA occurrence (30+11 (n=4) and 18+3 (n=4) ng L) was observed during
experimental trials C1 and C2, respectively; PFHxXA was degraded within the first
5 treatment cycles.

140/ PFHpA SB00 B, PFOA saEER TR L0, ) PFNA R
1208/ X 2500 | 2500 M TRaiCY
10 X < oo oot Cequilbrated [
1500 15004, 7 Trial C2
EEEre
80 1000 r© ................................. 1000 o T;_‘:I"E?Ed
a
8 w0 g 7 Cequilbrated
; 500 @)( 500 x ( Trial C4
g 400 O 400 @ x Cequilbrated
< wf ¥V W e
T:;') el 200 - &
€ x x 200 )
] X X @ (
® L O
£ 100 % 100 F ? =
< v v o g
3 20 7. X 50 50 v
B} “
% X
X
v v 8
0 5 10 0 5 10 0 5 10
Treatment cycles Treatment cycles Treatment cycles

Figure 15. UVC/VUV induced reduction in measured PFHpA, PFOA, and PFNA levels (experimental trials C1, C2, C3,
and C4) (Figure 4 in Paper IV).
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Figure 16. UVC/VUV induced variation in measured PFBS, PFHxS-L, and PFOS-L levels (experimental trials C1, C2,
C3, and C4) (Figure 5 in Paper V).

In experimental trials C1, C2, C3, and C4, the variation in concentration of PFBS,
PFHxS, and PFOS showed no significant regression (Figure 16). For PFHxS-L, the
measured concentrations remained fluctuating about measured baseline
concentrations (1686+421 (n=22), 1455+114 (n=22), 996+192 (n=18) and
2014285 (n=22) ng L' in trials C1 through C4, respectively) with no reduction
during the studied exposure periods; the variation of PFHxS-B concentrations
remained identical (304+77 (n=22) and 229+18 (n=22) in trials C1 and C2) (Paper
1V, tables S8, S10, S12, and S14 in supplementary materials).

There was no reduction observed for PFOS-L in experimental trials C1, C2, and C3;
with measured average concentrations of 1195+371 (n=22), 1202160 (n=22) and
488+137 (n=18) ng L', respectively (Figure 16). However, in trial C4,
corresponding to 63 treatment cycles (600 min exposure period), there was a
decrease in concentrations observed for PFOS-L with reduction from measured
baseline concentration (1500+115 (n=4) ng L") with mean of 726 and average
(mean) absolute deviation (MAD) of 247 (n=22). Reduction was also observed for
PFOS-B in experimental trials C1 and C2 with average concentrations of 491£173
MAD (n=22) and 415 +85 MAD (n=22) ng L' (Figure 17).
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Figure 17. UVC/VUV induced variation in measured PFHxS-B, and PFOS-B levels (experimental trials C1, C2, C3,
and C4) (Figure 6 in Paper IV).

For PFBS, there was an increase from the measured baseline levels (C1 through
C4). PFBS production (k=0.00004 at R>=0.64) appeared to begin with treatment and
continued during exposure to UVC/VUV.

Regarding exposure conditions, the system design was optimized for exposure at
185 nm wavelength, using a relatively weak radiation source in form of a low-
pressure mercury lamp. However, further investigation is necessary to confirm the
actual UV dose, photon fluxes (at corresponding wavelengths), radial flux
distribution, and radical generation. There was no background contamination found
in negative blank sample (trial A1) evaluation. Hence, possible PFAS emission from
the system (during UVC/VUYV exposure) is considered insignificant and the system
is considered clean in relation to PFAS analysis. Materials were selected to
minimize the PFAS losses due to sorption. As was observed in trials B1 and B2,
PFAS interaction with system materials might cause significant fluctuation in the
measured concentrations. PFAS distribution in the system most likely took place
during the equilibration stage, when sufficient time was given for relaxation of the
molecules on system surfaces. The layer formation on the surfaces was further
disrupted with initiation of the treatment, causing reversion to the dissolved state.
Distribution of long-chain zwitterionic perfluoro-sulfonamides and fluorotelomer
sulfonates in the system is suggested to occur due to intermolecular interactions with
quartz glass (sleeve) and native PTFE of the system body. Proper material selection
can be of high importance for the upscaling consideration.

Conducted PFAS removal trials (B1, B2, C1, C2, C3, and C3) showed that
UVC/VUV induced degradation was achieved at greater level for perfluoroalkyl
carboxylates and perfluoro-sulfonamides, followed by fluorotelomer sulfonates.
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PFAS degradation rates followed the order as FOSAA > PFNA >PFOA > 8:2 FTSA
~ PFHpA = 10:2 FTSA = 6:2 FTSA = FOSA. There was no apparent connection
between PFAS degradation rates and chain length observed. Furthermore, in trials
with perfluoro-sulfonamides, fluorotelomer sulfonates and perfluoroalkyl
carboxylates, initial PFAS concentrations seem to have no effect on degradation
rates. This, possibly indicates that studied treatment is a transport-limited process
(limited by the rate by which PFAS solution reaches the reaction area in the
chamber).

Degradation of PFSAs was found insufficient within the studied exposure
(treatment) periods, except for observed reduction in PFOS-B levels. Further
investigation is required for optimisation of the PFSAs treatment conditions and
evaluation of degradation rates.

In relation to removal of perfluoro-sulfonamides, fluorotelomer sulfonates,
perfluoroalkyl carboxylates, and perfluoroalkane sulfonates, it appeared that
compounds containing protonated (non-fluorinated) moiety in the structure (PFCAs,
FTSAs) show greater sensitivity to treatment. This is also relevant for PFAS with
sulfonamide in the functional group (as perfluoro-sulfonamides). Compounds with
sulfonate in functional group exhibit persistence to treatment. It is suggested that
oxygen saturation of the sulfonate (in functional group) might be a factor in
persistence of PFSAs to degradation. For further discussion, however, it is necessary
to verify the reaction chain behind the removal process and confirm whether
decomposition occurs due to direct excitation by UVC/VUV or/and secondary
impact of the generated radicals. UVC/VUV-induced degradation of PFAS is most
likely initiated with decomposition of the functional group, followed by consequent
degradation of the fluorinated chain (Ochiai et al., 2011b; Giri et al., 2012).

Presence of transformation products was observed in all trials. In trials with
perfluoro-sulfonamides (FOSA and FOSAA) and fluorotelomer sulfonates (10:2
FTSA, 8:2 FTSA and 6:2 FTSA) (B1 and B2), occurrence of PFCAs (PFOA,
PFHpA, PFHxA) was connected to degradation of the octanoic-PFAS. The initial
octanoic fluorotelomer and/or sulfonamide can possibly transform into sole
perfluoroalkyl carboxylate (PFOA) followed by further degradation to PFHxA and
PFHpA. With PFCAs and PFSAs (C1 and C2), occurrence of PFHxXA can be
connected to degradation of the initial PFCAs of longer chain-length. However,
further investigation with individual PFAS is required to confirm the exact
degradation chain. Furthermore, verification of the degradation (i.e., mineralization)
is necessary. Measurements of CO2, fluoride (F°), total organic fluorine (TOF), as
well as measurement of potential fluorinated gasses in the gas phase, could be
applied to confirm the PFAS degradation products.
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Conclusions

PFAS concentrations were measured in the water samples collected from Lake L
(and pond P) (Paper I), Lake S (Paper 1) and groundwater (Paper I11I).

In surface water samples (L (P) and S) detected PFAS compositions were identical
to these reported for other contaminated sites (restrictive to PFAS-AFFF).
Contamination levels were represented by PFCAs, PFSAs, and FTSAs, thus
indirectly connecting to the PFAS-AFFF origin of contamination. For both L and S,
it was difficult to conclude the exact contamination path. Thus, until water exchange
and transport conditions are properly established, PFAS concentration in water
samples is not considered as a direct indictor of the overall contamination levels
quantitively, but only qualitatively. Furthermore, the PFAS-AFFF emission rates
can have an impact on observed levels. Nevertheless, at both studied locations PFAS
contamination was subject to a historical PFAS-AFFF application.

Identically, the groundwater contamination (Paper III) was connected to PFAS-
AFFF. Profiling of the PFAS composition was sufficiently indicative to determine
the respective PFAS-AFFF formulations. Based on measured concentrations and
compositions, PFAS distribution, as well as possible concentration gradients, were
suggested. Thus, the overall contamination levels in groundwater could be
estimated; this is of course with assumption on rather conservative mass transfer.
Yet, the sorption and transport processes in the corresponding domain can have an
impact on observed PFAS concentrations.

Moreover, on the basis of the assessment, the analytical methods are of importance.
PFAS analysis was carried out by means of MS/MS. Used method is considered
precise and reliable, furthermore, internal standards were used to fortify the
measurements. However, in the performed target analysis, detected compositions
might not be fully representative.

A sediment core analysis approach was implemented for Lake L and Lake S (Paper
I and II). With combination of MS/MS and radioisotope analysis (*'’Pb/***Ra), the
core analysis was sufficient to evaluate the contamination history of individual
exposed recipient (Lake L). Thus, possible PFAS accumulation rates and fluxes
were determined; these in relation to the lake contamination. PFAS accumulation
period was estimated as 1994-2009; this with the highest PFAS flux of 12 pug m?
yr'! by year 2009. However, provided estimates are unidimensional, thus better
understanding of the horizontal transport of the PFAS plume, as well sediment
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resuspension, are necessary for further extrapolation. Thus, additional sampling and
analysis are imperative for a complete picture.

For the Lake S (Paper II), the core analysis was implemented for same purpose,
however, the method combination was not successful. This most likely due to
sedimentation dynamics of the lake, as well as analytical difficulties.

The sediment core analysis was further extended to combination with XRF
analysis. Thus, the influence of the sediment specific characteristics on PFAS
distribution in sediment was studied. A correlation between PFAS concentrations
(PFCAs and PFSAs) and sediment inorganic content (lead, arsenic, iron, titanium,
and sulphur) was found. This is of importance as a validation of the electrostatic
interaction with the mineral content of the media. Furthermore, the solid-state
intrinsic properties can be correlated with PFAS dissociation to the aqueous phase.
Moreover, the fact that PFAS distribution is affected by the inorganic content
representing <5% of the bulk media, the hydrophobic interaction with organic
matter might be a driving distribution factor. This is can be of importance for the
sorption and transport considerations.

Field-derived distribution predictors (K, and Koc) (Papers I and II) were in general
agreement with previously reported for various sediments, within a certain
variation. Field-derived K; and Koc predictors are of importance in the PFAS
transport assessment. However, due to limited knowledge on PFAS distribution, the
universal cross-site application should be considered with a precaution. Perhaps,
taken as a site- and media- specific, as well as with local equilibrium conditions
properly established, implementation of K; and Koc in the PFAS transport
assessment can be considered with level of confidence.

Detailed assessment of the emission source was conducted for the site in Ronneby,
Sweden (Paper III). The PFSAs based PFAS-AFFF and PFCAs/FTSAs based
PFAS-AFFF were indicated as an emission contributor. Furthermore, traces of
perfluoroalkane sulphonamides substances, such as FOSA and MeFOSA, were
linked to PFAS synthesis processes and indirectly connected to PFAS-AFFF origin.
However, conducted identification was primarily based on measured PFAS
composition in groundwater, and therefore possibly neglecting PFAS that are
affected by transport and retention.

Analysis of potential PFAS release (production) scenarios was conducted by means
of Monte Carlo simulations. These considered individual fire-training sessions and
annual emission scenarios. For individual fire-training session scenarios, possible
variation in the AFFF stock solution composition, surfactant composition (PFAS
content), AFFF solution, and equipment utilisation were considered. PFAS emission
from an individual training was estimated as [1.4 <11.5+5.7 <43.7] kg per session.
The annual emissions were estimated as [11 <401+£233 <1125 kg yr']; this
corresponding to [2 <35+20 <96] individual fire-training sessions per year. Annual
emission scenarios were cvaluated based on fire-training exercise routines
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suggested by former personnel (including 2-6 individual sessions per day, 1-5
training days, with 1-5 occurrences per year). However, the annual emission
scenarios are restricted to the evaluated population with a rather limited sample,
further improvements are necessary. Furthermore, PFAS-AFFF composition were
not considered at this stage.

In the trials with UVC/VUV induced treatment (Paper IV), removal of the
perfluoro-sulfonamides (FOSA and FOSAA), fluorotelomer sulfonates (10:2
FTSA, 8:2 FTSA and 6:2 FTSA), perfluoroalkyl carboxylates (PFHpA, PFOA and
PFNA), and perfluoroalkane sulfonates (PFBS, PFHxS-L, PFHxS-B, PFOS-L and
PFOS-B) was studied in laboratory conditions. In relation to individual PFAS,
method evaluation showed removal efficiency in the order FOSAA > PFNA >
PFOA > 8:2 FTSA = PFHpA = 10:2 FTSA = 6:2 FTSA =~ FOSA. No significant
reduction was observed for PFSAs. No apparent connection between PFAS
degradation rates and chain length was observed. The initial PFAS concentration is
suggested to have no effect on the removal rates. Further investigation is certainly
necessary.

To further elaborate, with the degradation chain studied and an actual degradation
(i.e., mineralization) verified, suggested technique can have a substantial potential
in PFAS treatment for drinking water. The method performance with FASAs,
FOSAAs, FASEs, FTSAs, and PFCAs can be very useful as a barrier and used in a
combination with, for example, AIX resins.
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Delimitations and Future work

In present thesis, investigations have been carried out in association with the
epidemiological study on human exposure to PFAS conducted by Lund University
and University of Gothenburg. With the given objective to reconstruct the PFAS
contamination levels in drinking water during the last decades (in Ronneby), an
exciting and yet challenging journey of trials and errors has evolved. Several
different approaches have been implemented, leaving some questions answered and
perhaps more arisen. Like many other research projects, this study encountered
difficulties with method performance and had limitations related to resources and
time. As mentioned earlier, not all indicial objectives were fully addressed, and not
all the outcomes were reported (as shown in Figure 1). In the present chapter,
limitations of the work, as well as aspects of further development and future work
will be extended.

Regarding PFAS composition detected in water and sediment samples, conducted
analyses (MS/MS) can provide sufficient resolution, however, detected composition
is limited to method. Thus, PFAS composition and related concentrations may not
represent the actual contamination in full. PFAS analysis can be fortified by
combination with the methods like TOF analysis, high resolution mass spectrometry
(HRMS), total oxidable precursors (TOP) assay, and fast atom bombardment mass
spectrometry (FAB-MS). This can improve the representation of PFAS
composition, facilitate identification of the origin (PFAS-AFFF formulation), and
not least help with assessment of the contaminant distribution.

Understanding of the PFAS sorption and transport mechanisms is important for
assessment of the overall transport processes. Association of PFAS with the solid
phase is a complex process that is impacted by intermolecular interaction with media
surfaces and structure. It will, therefore, be interesting to further continue with
analysis of PFAS distribution in connection to intrinsic characteristics of media.
Detailed analysis of the media (i.e., soil and sediment) composition and porosity vs
PFAS partitioning in pore water and water, can be provide important insights. This
data can be essential in determining the likelihood of PFAS retention in certain soil
fractions and compositions.

In the analysis of PFAS-AFFF emission, provided estimates were restricted by both
calculation limitations and knowledge of AFFF application scenarios and history.
Method performance can be improved by accordingly adjusting the variation
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boundaries and extending the overall simulation capacity. Furthermore, as a next
step, introduction of the PFAS-AFFF formulation scenarios can provide a range of
possible PFAS emission estimates. Following outcomes can be useful in
understanding of the overall pollution and contaminant transport conditions.

In appended Paper 111, attempts were made regarding assessment of PFAS transport
and redistribution in water supply. However, due to limited information available
on PFAS emission and distribution in soil, a relevant analysis was not possible at
this stage. An alternative was later considered with implementation of a
probabilistic approach on PFAS transport and redistribution in water supply system.
This, coupled with PFAS-AFFF emission estimates above, and including transport
with run-off, infiltration/retention, advective transport, groundwater extraction, and
water treatment plant sub-models. It is, therefore, necessary to continue with further
model development and evaluation. There are perhaps a several steps remaining in
addressing the initial project objective. Given the difficulties with assessment of the
PFAS contamination in a historical context, suggested approach can be useful in
assessment of other contaminated sites.

In the treatment trials with UVC/VUYV, PFAS removal was studied in laboratory
conditions. Thus, it is necessary to evaluate the method performance with different
environmental matrices. Furthermore, as mentioned earlier, verification of the
degradation (i.e., mineralization) and degradation chain are of high importance.

Removal of FASAs, FOSAAs, FASEs, FTSAs, and PFCAs can be useful in
combination with other treatment methods (GAC, AIX resins, and other sorbents).
This can provide a selective reduction in PFAS mass, in particular for zwitterionic
PFAS and various structural isomers, thus fortifying the coupled method
performance and efficiency. With tailored implementation in the treatment train,
suggested methods can also act a barrier for pharmaceuticals and related organic
substances.

In the context of drinking water, there are numerous treatment methods being
developed. These can be as straightforward as GAC, NF, AIX resins, and their
combinations, or incorporating rather advanced, and perhaps exotic, processes
behind the treatment line. However, finding of an integrated and cost-efficient
method or method combination, is yet a subject to further research and development.
The overall quality of the treated water and composition of the treated PFAS can
have an impact on the method performance in one way or another. Thus, source
water related (or site-specific) verifications are important prior to further method
implementation; not least prior to upscaling considerations and deployment in the
full-scale drinking water treatment.
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