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Stabilization remediation of soils contaminated with per- and
polyfluoroalkyl substances (PFASSs)

Abstract

Per- and polyfluoroalkyl substances (PFASs) are a major global concern in pollution of
drinking water sources and aquatic environments. Due to the high persistence and
mobility of these compounds, remediation methods for PFAS-contaminated soils are
urgently needed to protect the surrounding environment and drinking water source areas.
This is particularly important at firefighter training sites, due to the historical usage and
release of PFAS-containing aqueous foams causing high levels of soil contamination,
with high potential for leaching to groundwater and nearby environments. This thesis
assessed the efficacy of stabilization remediation methodologies in mitigating PFAS
leaching from contaminated soils. Screening of 44 PFAS sorbent materials showed that
activated carbons (ACs) (granulated and pulverised, n = 5) were the best sorbent (mean
removal efficiency >99.9%) for PFASs in aqueous solution. Based on these results, a
commercially available injectable colloidal AC product (PlumeStop®) for soil
stabilization was systematically assessed for PFAS retention efficiency. The best
treatment efficiency for 10 different soils (fortified with 17 PFASs) treated with colloidal
AC was observed for perfluorooctanoic acid (PFOA), 6:2 fluorotelomer sulfonate (6:2
FTSA) and perfluorohexane sulfonate (PFHxS), resulting in sorption increases of >80%.
Assessment was also performed of a stabilization-solidification (S/S) technique that uses
cementitious material to chemically stabilise PFASs and solidify the soil, decreasing
hydraulic conductivity and thereby reducing PFAS leaching potential. The S/S technique
was tested on PFAS-spiked soil using a cost-efficient cementitious material with a
soil:binder ratio of 9:1 and seven different additives (including ACs) to 0.2% of dry
weight (dw). In conservative leaching tests, treatment efficiency was highest for AC
additive amended S/S remediation (e.g. >99.9% for longer-chain PFASs such as
perfluorooctane sulfonate (PFOS)). To further assess the applicability and long-term
stability of S/S treatment, a pilot-scale experiment was set up treating over six tons of
field-contaminated soil using 15% cementitious binder and 0.2% dw mass-granulated
AC. An artificial irrigation system was used to apply the equivalent of six years of
precipitation. The treatment efficiency was >97% for four dominant PFASs homologues
(perfluorohexanoic acid (PFHxA), PFOA, PFHxS and PFOS), but low (3%) for short-
chain perfluoropentanoic acid (PFPeA). Ultimately, based on laboratory- and pilot-scale
experiments, it can be concluded that stabilization remediation of PFAS-contaminated
soils can be an efficient technique, in particular for longer-chain PFASs.

Keywords: PFAS, PFOS, PFOA, persistent organic pollutants, soil contamination, soil
remediation, stabilization, activated carbon, stabilization-solidification
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Stabiliesering som saneringteknik for mark kontaminerad med per-
och polyfloroalkylsubstanser

Sammanfattning

Per- och polyfluoralkylsubstanser (PFAS) ér ett stort globalt problem for férorening av
dricksvatten och vattenmiljder. I denna studie behandlas d&mnet sanering av PFAS-
fororenad mark dd PFAS i ménga dricksvattentdkter och vattenmiljoer hirror frén
sadana. Eftersom PFAS inte bryts ned och har stor mobilitet frain mark till grundvatten
sa behovs utveckling och utvirdering av mdjliga saneringsmetoder for att skydda den
omgivande miljon och dricksvattentikter. Marksanering kan sérskilt behdvas pa
branddvningsplatser pa grund av den historiskt stora anvédndningen och utslapp av PFAS-
innehallande brandskum (AFFF) som har orsakat hoga halter PFAS i marken med hog
utlakningspotential. Denna studie syftar till att bedoma stabilisering som en méjlig teknik
for att minska PFAS-utlakningen fran fororenad mark. I en screeningstudie av 44
sorbentmaterial for PFAS visade resultaten att aktiverat kol (AK) (granulerad och
pulveriserad (n = 5)) var de bésta sorbenterna (minskning med > 99,9 %) i vattenldsning.
Baserat pé dessa resultat utvarderades systematiskt en kommersiellt tillgénglig injicerbar
kolloidal AK-produkt (PlumeStop®) for markstabilisering for PFAS. Den Dbésta
behandlingseffektiviteten for 10 olika jordar (forstérkta med 17 PFAS) behandlade med
kolloidal AC sé observerades en 6kad sorption av > 80 % for perfluoroktanoat (PFOA),
6:2 fluorotelomersulfonat (6:2 FTSA) och perfluorohexansulfonat (PFHxS). Dessutom
utvirderades dven stabiliserings och solidifiering (S/S), en teknik som anvédnder cement
eller cementliknande material for att badde kemiskt stabilisera PFAS och forharda marken
for att minska den hydrauliska konduktiviteten och dirigenom minska utlakningen av
PFAS. S/S-tekniken testades pd PFAS-forstirkt jord med anvindning av 10 %
cementinblandning och 0,2 % pulveriserad AK inblandning. I konservativa
lakningstester, sarskilt med AC, minskade utlakningen med > 99,9 % for ldngre kedjade
PFAS, sasom perfluoroktansulfonat (PFOS). For ytterligare utvédrdering av S/S-tekniken
sattes ett pilotskaleexperiment upp, dir 6ver sex ton faltférorenad jord behandlade med
15 % cement och 0,2 % granulerad AK. Genom att anvdnda ett artificiellt
bevattningssystem utvirderades PFAS-utlakningen pd motsvarande 6 &ars nederbord.
Behandlingseffektiviteten var > 97% for fyra dominerande PFAS: PFHxA, PFOA,
PFHXS respektive PFOS, men lag (3%) for den kortkedjiga perfluoropentanoat (PFPeA).
I slutdndan kan man, baserat pa laboratorie- och pilotskalaforsok, dra slutsatsen att
stabiliseringstekniker for marksanering av PFAS-kontaminerade jordar kan vara en
effektiv teknik, sarskilt de ldngre kedjade PFAS.

Mattias Sorengérd, SLU, Department of Aquatic Sciences and Assessment,
P.O. Box 7050, 750 07 Uppsala, Sweden
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1 Introduction

Per- and polyfluoroalkyl substances (PFASs) were first developed in the 1940s,
starting with the polytetrafluoroethylene (Teflon) industry (Kissa, 2001). Since
then, their oil- and water-repellent properties have proven useful for numerous
consumer products, including water-, dirt- and oil-repellent textiles, fat-repellent
food packaging, paper products, and in paint production, metallurgy and as
firefighting foams (Buck et al., 2011; Lindstrom et al., 2011). Over 4700
different PFASs are available on the global market (Organisation for Economic
Co-operation and Development (OECD), 2018). A common definition of PFASs
is that they are alkylated compounds in which all or some carbon-hydrogen
bonds have been replaced with very stable carbon-fluorine bonds (Buck et al.,
2011). Concerns have been raised about this group of compounds during the past
decade, since some PFASs show high bioaccumulation potential in humans and
some have been associated with adverse health effects (Martin et al., 2003;
Conder et al., 2008; Johansson et al., 2008; Borg et al., 2012; Domingo, 2012;
Borg et al., 2013). Considering their environmental persistence, large production
volumes and uncontrolled release to the environment, regulators are now taking
measures to prevent further exposure to legacy and alternative PFASs (Ritscher
etal., 2018).

High levels of PFASs in humans have been linked to exposure through food
and contaminated drinking water (Gebbink et al., 2015; Gyllenhammar et al.,
2019; Glynn et al., 2020). The PFAS problem in Sweden attracted attention
when elevated PFAS blood levels were found in pregnant women living in areas
with contaminated drinking water (Glynn et al., 2012). This led to the
implementation of drinking water guidelines (Gobelius et al., 2018) and
ultimately to closure of some drinking water sources (Li et al., 2018). Similar
high contamination levels of PFASs in drinking water have been identified
globally, with PFAS contamination leading to restriction of drinking water
sources in e.g. Japan (Murakami et al., 2009) and in Germany (Gellrich et al.,
2013) and the USA (Sunderland et al., 2019). As a result, a growing body of
research is now focusing on advanced treatment techniques for PFASs in
drinking water (Espana et al., 2015; Franke et al., 2019). However, PFASs are
continuing to leach into the aquatic environment and drinking water sources,
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from various sources such as air deposition, industries, wastewater effluent,
landfill leachates and contaminated soils (Ahrens, 2011). Leaching from
contaminated soils can be a hot-spot for groundwater pollution affecting
drinking water sources, and has been associated with PFAS exposure in humans
in Japan (Murakami et al., 2009), Germany (Gellrich et al., 2013) and Sweden
(Lietal., 2018).

Soil contamination with PFASs is often associated with extensive use of
PFAS-containing aqueous firefighting foams (AFFFs), which in the past have
been released in large quantities at firefighter training facilities and fire sites
(Ahrens et al., 2015; Baduel et al., 2015; Filipovic et al., 2015). Due to the
negative environmental impact, the use of perfluorooctane sulfonate (PFOS)-
containing AFFFs has been regulated and PFOS-free AFFFs have been
developed. However, many AFFF products still contain a large number of
alternative PFASs (e.g. Barzen-Hanson et al., 2017). In addition, legacy PFASs
from soil contamination continue to leach from soil to groundwater and the
aquatic environment (Ahrens et al., 2015). There is thus an urgent need for
remediation of PFAS-contaminated soils, but to date limited research has been
performed on this topic (Ross ef al., 2018; Mahinroosta & Senevirathna, 2020).

The aim of the work described in this thesis was to provide an in-depth
understanding of possible soil treatments for protection of drinking water
sources and the aqueous environment. The stabilization technique as a promising
option for PFAS-contaminated soil remediation was investigated specifically,
since previous studies have reported promising results (Das er al., 2013;
Kupryianchyk et al., 2016; Hale et al., 2017).

In a first study (Paper I), cost-efficient materials and their PFAS-stabilising
properties were screened (Figure 1). Screening and assessment of PFAS-
stabilising sorbents were performed in various soil matrices with varying
properties and PFAS contamination profiles in two further studies, focusing on
colloidal activated carbon (1-2 um) and powdered activated carbon in a
cementitious stabilization-solidification matrix (Papers II and III, respectively).

To assess the technique under more realistic conditions, a pilot-scale
experiment was conducted (based on results from Paper III) where stabilization-
solidification was tested using six tons of contaminated soil subjected to more
than six years of simulated rainfall (Paper IV).

12



Screening for PFAS-stabilizing materials

(I

Treating PFAS contaminated soils with
stabilizing materials at laboratory scale

Colloidal
activated Stabilization/
carbon solidification

(n) (1)

—

Field-scale treatment of
PFAS-contaminated soils using
stabilization/solidification
(V)

Figure 1. Overview of the work described in Papers I-IV in this thesis, including screening of
materials, laboratory-scale experiments and pilot-scale testing on soils contaminated with per-
and polyfluoroalkyl substances (PFASSs).
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2 Overall aim of the thesis and specific
objectives

The overall aim of this thesis was to provide valuable novel information on
stabilization technologies for remediation of soils contaminated with PFASs.

Specific objectives of the work described in Papers I-IV were to:

» Identify and assess 44 materials for their suitability in PFAS
stabilization in soils, and determine the impact of perfluorocarbon chain
length and functional group (Paper I).

> Assess colloidal activated carbon for stabilization of PFASs in soil, and
determine the impact of organic carbon and clay content (Paper II)

» Evaluate the effect of solidification as a stabilization technology and the
mechanical stability (strength) of the soil after solidification treatment
(Paper III)

» ldentify critical variables for successful long-term stabilization of

PFASs in stabilization-solidification treatment under pilot-scale
conditions (Paper IV)
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3. Background

3.1 A world of PFASs

There are over 4700 different documented PFASs on the global market (OECD,
2018). The different PFASs vary in degree of fluorination, functional groups and
perfluorocarbon chain length (Buck et al., 2011) (Figure 2). The PFASs have
either fully (per-) or partially (poly-) fluorinated carbon chains, and the strong
carbon-fluorine bonds make them very stable compounds and thereby persistent
in biotic and environmental systems (Lemal, 2004; Merino et al., 2016).

PFASSs are characterised by different functional groups, with carboxylic acids
(PFCASs) and sulfonic acids (PFSAs) (including perfluorooctanoic acid (PFOA)
and PFOS, respectively) being the most commonly reported. Other functional
groups in PSASs are e.g. neutral, cationic, anionic or zwitterionic (Buck et al.,
2011; Barzen-Hanson et al., 2017; Liu et al., 2019; Martin et al., 2019). PFASs
with specific functional groups can naturally degrade into more stable forms
such as PFCAs and PFSAs (Houtz & Sedlak, 2012; Harding-Marjanovic et al.,
2015). PFASs that naturally degrade to other more stable species in the
environment are referred to PFAS precursors. Also, the perfluorocarbon chain
length is critical for PFAS water solubility (Higgins & Luthy, 2006; Du et al.,
2014; Rostvall et al., 2018), and thereby their environmental fate (Ahrens,
2011). For this reason, PFASs are often divided into short-chain PFASs
(perfluorocarbon chain length <7 for PFCAs and <6 for PFSAs, respectively)
and long-chain PFASs (perfluorocarbon chain length >7 for PFCAs and >6 for
PFSAs, respectively) (Buck et al., 2011).
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Figure 2. Chemical structure of perfluorooctane sulfonate (PFOS), a typical per- and
polyfluoroalkyl substance (PFAS) with a hydrophobic perfluorinated chain and an oliophobic
sulfonate functional group that is charged under environmental conditions.

Multiple PFASs have been found in human and biota samples (e.g. Borg et al.,
2013), in particular long-chain PFASs (Glynn et al., 2012; Yeung et al., 2013;
Gyllenhammar et al., 2019). Consequently, legislation globally regulates the
usage of PFOSs and PFOAs and their precursors under the Stockholm
Convention (Stockholm Convention on Persistent Organic Pollutants (POPS),
2018). Before legislative restrictions were introduced, PFOSs were voluntarily
phased out by the global company 3M in 2001 (Paul ez al., 2009) and PFOAs
were voluntarily phased out by the US EPA Stewardship Program in 2006 (US
Environmental Protection Agency, 2006). The voluntary phasing out of PFOSs,
PFOAs and other long-chain PFASs from consumer products has led to
increased use of alternative PFASs (Land et al., 2018; Cousins et al., 2019;
Yeung et al., 2019).

Human exposure to PFASs has often been linked to consumption of PFAS-
contaminated drinking water. The drinking water guideline values are often
based on daily intake values, e.g. the European Food Safety Authority (EFSA)
has set a tolerable daily intake (TDI) value of 150 ng kg! body weight per day
for PFOS and 1500 ng kg body weight per day for PFOA (EFSA, 2012). The
drinking water guideline values for PFASs vary between countries, from e.g. 70
ng L' for the sum of PFOA and PFOS in the USA (US EPA, 2016) to 530 ng L
!'in the Netherlands (Gobelius et al., 2018). The Swedish Food Agency has set
a drinking water guideline value of 90 ng L' for the sum of 11 PFASs (Gobelius
etal., 2018).

Furthermore, to protect drinking water sources and the environment, some
countries have adopted guideline values for soil and groundwater. For example,
Sweden has a guideline value of 45 ng L' for PFOS in groundwater and 3000
ng kg and 20 000 ng kg™! for PFOS in soil for sensitive and less sensitive land
use, respectively (SGI, 2015). Australia and New Zealand have guideline values
0f 0.009, 2 and 20 mg kg™! for PFOS, depending on soil usage (HEPA, 2018).
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3.2 PFAS analysis

Initial environmental measurements of PFASs were performed in the early
2000s, using mass-electrometric instrumentation (Giesy & Kannan, 2001).
During the past decade, analytical methods for PFASs have been expanded.
However, the targeted methods currently available only cover a fraction of the
over 4700 known PFASs, while a large proportion of PFASs in environmental
samples remain unidentified (Koch er al., 2020). There have been some
analytical advances in quantifying the many unidentified PFASs (Pan et al.,
2020), including target screening using tandem mass spectrometry (Martin et al.,
2019), suspect screening using high-resolution mass spectrometry (Barzen-
Hanson et al., 2017), quantification of unknown fractions by assessing total
extractable organic fluorine (TOF) (Yeung et al., 2013) and total organic
precursor (TOP) assay (Houtz & Sedlak, 2012). Many environmental matrices,
such as consumer products (Schultes et al., 2018), wastewater (Dauchy et al.,
2017) and river water (Koch et al., 2019), can contain a large fraction of
unidentified PFASs, while human plasma has been shown to contain 0-66%
unidentified PFASs (Yeung et al., 2019; Miaz et al., 2020). Over time, there has
been a shift in the use of PFASs (Ahrens, 2011). For this reason, and because of
the analytical and regulatory challenges (Yeung et al., 2019), the detection of all
PFASs in the environment remains unresolved and new analytical methods are
required in the future. In contaminated soil, PFSAs and PFCAs are the dominant
PFASs and are commonly included in targeted methods. The many
‘unidentified” PFASs were outside of the scope of this thesis work, which
focused on targeted analysis.
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3.2 Soil remediation

Contamination of soil with PFASs is problematic, since PFASs can be harmful
to soil organisms (Rich et al., 2015), taken up by plants (Gobelius et al., 2017)
and/or leach into groundwater (Ahrens et al., 2015; Filipovic et al., 2015)
(Figure 3). Regarding soil remediation, soils can either be treated in sifu, i.e. on-
site without excavation, or ex situ, i.e. where the soil is excavated for treatment
on-site or at another location (Dermont et al., 2008) (Figure 4).

Drinking water

Figure 3. Drinking water exposure pathway in soils contaminated with per- and
polyfluoroalkyl substances (PFASs) contained in aqueous film-forming foam (AFFF).

Ex situ treatment of soil containing organic contaminants, e.g. by landfilling or
incineration, reduces the risk quickly but is also associated with practical
difficulties, with high excavation and transportation costs. In addition, ex situ
treatments for PFASs can be problematic since: (i) deposition in landfill could
shift the problem to landfills, since they are known point sources of PFASs
(Benskin et al., 2012) and (ii) incineration is costly and has a high energy
demand, with operating temperatures of >1000 °C required for degradation of
PFASs (Loganathan et al., 2007; Vecitis et al., 2009; Wang et al., 2013; Yamada
et al., 2005).
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Figure 4. Possible remediation options for soils contaminated with per- and polyfluoroalkyl
substances (PFASs).

In situ treatment techniques aim to treat the soil on-site, either by eliminating the
contaminant or by preventing it from leaching into exposure pathways, e.g. by
hindering polluted groundwater from reaching drinking water aquifers or surface
water bodies in the aquatic environment. The latter can either be done through
geohydrological interventions, i.e. physical barriers, or by chemical adsorption
of the contaminants, which is often referred to as stabilization remediation
(Kumpiene et al., 2008).

This thesis focused entirely on in situ stabilization remediation techniques
(also in combination with hydrogeological interventions), which aim to
immobilise PFASs but not remove them. However, it is worth mentioning that
other in situ soil removal remediation techniques for PFASs have been studied,
with promising results. For example, laboratory studies have shown that it is
possible to remove PFASs from contaminated soils by thermal desorption at high
temperature (550 °C) (Sorengard et al., 2020), electrokinetic extraction
(Sorengard et al., 2019), labour-intensive soil washing (Mahinroosta &
Senevirathna, 2020) or cost-efficient, but slow, phytoremediation (Gobelius et
al., 2017). An alternative removal technique is ‘pump and treat’, a flushing
technique where contaminated groundwater is treated aboveground with a
suitable sorbent (Heisaeter et al., 2019).

3.2.1 Stabilization

Stabilization involves reducing the spread of contaminants by introducing
different materials into the soil. Through chemical and physical processes, the
treatment can hinder the leaching of contaminants to the groundwater and
ultimately to drinking water and the environment. In general, two methods can
be used: (i) altering the geohydrology of the soil profile to prevent water acting
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as a vector of contaminant transport, often through capping or encapsulation of
the contaminated soil; or (ii) increasing chemical partitioning of the contaminant
to the soil, thereby reducing leaching to groundwater. For the latter, different
sorbent materials may suit different contaminants and other factors also
influence the stabilization process, such as pH, redox potential, ion exchange
and precipitation (Kumpiene et al., 2008). The aim is to reduce contaminant
bioavailability, toxicity and leachability by different chemical reactions,
precipitating them as salts or creating stable complexes with the added sorbent
(Kumpiene et al., 2008; Bolan et al., 2014). Hydrophobic organic contaminants
are often stabilised with adsorption processes on carbonaceous materials such as
activated carbons (Rakowska et al., 2012), zeolites (Misaelides, 2011) and clays
(e.g. Khenifi et al., 2009).

Bolan et al. (2014) conceptualised the stabilization efficiency achieved by
binding with the contaminant. The stabilization efficiency generally increases
with a stronger bond, in the order: precipitation > specific sorption > non-
specific sorption > soil solution. Studies have shown that the binding strength of
contaminants to soil constituents depends on time and temperature, in a process
called soil ageing (Brennan ef al., 1984; Lothenbach et al., 1999). The ageing
process has been observed for hydrophobic organic contaminants (Cornelissen
et al., 1997; Kraaij et al., 2002). In the current scientific literature on PFASs,
many studies focus mainly on PFOA and PFOS adsorption to a variety of
materials (Du et al., 2014).

3.2.2 Stabilization-solidification

A popular stabilization strategy is the stabilization-solidification (S/S) method,
which can be applied both ex situ (e.g. on landfill) and in situ. In the S/S strategy,
a binding material, often a cementitious material, is mixed into the soil, where it
hardens to a monolith (Wiles, 1987). The method dates back several decades and
is one of the most popular soil remediation options in the USA, because of its
high efficiency in contaminant retention, general applicability to contaminants
and contaminated matrices, and relatively low costs (Brown ef al., 1992; Conner
& Hoeffner, 1998). Stabilization-solidification treatment creates parallel levels
of protection, where the addition of cementitious binders (i) chemically stabilises
the contaminants and (ii) solidifies the contaminated matrix to a monolithic
structure, which reduces the losses of contaminants to percolating water and
groundwater flow, thus physically reducing contaminant leaching (Paria & Yuet,
2006). The technique is therefore a dual mitigation strategy hindering the spread
of contaminants through altering groundwater flow as a vector of transport and
through chemically increasing partitioning of the contaminant to the solid phase.

The S/S technique is a well-established method for different contaminants,
such as heavy metals and other organic pollutants (e.g. tributyltin) (Dermont et
al., 2008; Shen et al., 2019). Furthermore, field-scale in situ application
methodologies and equipment are well developed for available off-the-shelf
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usage, including high-pressure jet mixing (Xia et al., 2019b; Ma et al., 2020),
deep auger mixing (McGregor, 2018) and surface solidification (Xia et al.,
2019a).

The workflow in establishing an appropriate S/S treatment design involves
addressing both the physical solidification properties and chemical stabilization
properties of the treated soil. In order to achieve satisfactory physical protection
of the solidified structure, country-specific guidelines have been established for
the properties of the solidified material. The most common tests performed on
solidified materials involve measuring unconfined compressive strength (UCS)
or measuring the hydraulic conductivity, or both. The UCS standard in the
United States is 350 kPa to dispose of contaminated ex sizu S/S material on risk
waste landfill sites or the hydraulic conductivity should be <1 x 10 m s”! (United
States Environmental Protection Agency, 1996). For in sifu burial of S/S
material, the UCS value can be as low as 140 kPa (Meegoda et al., 2003), while
for utilisation as a load-bearing concrete construction material the strength
requirement can be up to 7 MPa (Tabbaa & Stegemann, 2005).

To the best of my knowledge, there are no general standardised targets for
contaminant stabilization performance; rather, the outcome depends on the
contaminant risk assessment and field site requirements. The target is therefore
to design the S/S treatment so that contaminant leaching is minimised, by
selection of an appropriate binder and other additives, as tested when the
solidified structure is removed (monolith crushed to particles <2 mm). Because
of the wide variety in practice of contamination concentrations, matrices (soil,
sediment, sludge, wastes efc.), binders (Portland cement, lime, fly ash, slag,
MgO) and additives (activated carbon, zeolite, modified clay, bentonite, zero
valent iron), it is recommended that S/S recipe evaluation and optimisation be
performed for every new contamination situation (Hills et a/., 2015). Ultimately,
before field application, the optimised S/S recipe must be tested to determine
strength and leaching properties at laboratory scale.

3.2.3 Long-term treatment efficiency of soil stabilization
techniques

A review by Kumpiene et al. (2008) indicated that there is high uncertainty as
regards the long-term remediation efficiency of stabilization treatment, since
prediction of future leaching is difficult. Over a long time, processes can occur
in stabilised soil that are commonly not accounted for in laboratory-scale testing,
such as changes in redox potential, microbial growth, freezing and thawing,
degradation of amendment materials and competitive adsorption and ion
exchange by naturally occurring chemical compounds. Despite these difficulties,
stabilization techniques must rely on laboratory-scale optimisation approaches
to identify the best available option. Because of the associated long-term
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uncertainties, practitioners often prefer more costly contaminant removal
alternatives, although stabilization techniques display high laboratory-scale
treatment efficiencies.

There are many materials available that are known to adsorb PFASs, but a
better mechanistic understanding is needed before stabilization can be
recommended as a remediation strategy for PFAS-contaminated soils. Effective
amendment materials for PFAS stabilization need to be evaluated in relation to
natural soils, different PFASs and the chemical processes affecting possible
long-term PFAS leaching behaviour. In addition, discrepancies between
laboratory-scale and field-scale PFAS sorption behaviours have been observed
(Li et al., 2018), and these need to be understood before implementing
stabilization as a treatment option for PFAS-contaminated soil.
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4 Materials and Methods

4 .1 Candidate materials for stabilization treatment

Prior to the work in this thesis, multiple natural and synthetic materials had been
tested and evaluated for PFAS stabilization, in particular for PFOSs and PFOAs
(Du et al., 2014). However, because of differences in experimental conditions
(e.g. pH, ion composition, liquid/solid ratio, equilibrium times etc.), the
materials proved difficult to compare (Paper I). In the screening study described
in Paper I, a total of 44 organic and inorganic sorbents (based on previous
studies) were tested for PFAS sorption under comparable conditions in a water
matrix. Promisingly high PFAS removal from leachate water was observed for
activated carbons (by ACs) in Paper I, and therefore a novel colloidal (1-2 pm)
AC product that can be injected into contamination plumes under high pressure
was evaluated in Paper II. In the other two studies on which this thesis is based,
a wide range of sorbents were tested for stabilization-solidification purposes,
with the stabilising properties tested in soil and in varying cementitious matrices
(Papers Il and 1V).

4.2 Target PFASs

In this thesis, the 11 PFASs covered by the Swedish Food Agency drinking water
guidelines (PFBS, PFHxS, PFOS, 6:2 FTSA, PFBA, PFPeA, PFHxA, PFHpA,
PFOA, PFNA and PFDA; see Table 1) were included in the analyses. Up to
sixteen additional PFASs of concern, including longer-chain PFCAs, PFSAs,
perfluorosulfonamides (FOSAs), perfluoro-sulfonamidoethanols (FOSEs),
perfluorosulfonamidoacetic acids (FOSAAs) and fluorotelomersulfonates
(FTSAs), representing PFASs of different chain length and functional groups,
were also included in the analyses (Table 1). FOSAs, FOSEs, FOSAAs and
FTSAs are considered to be PFAS precursors, since they are suspected to
undergo transformation to the highly stable PFSAs and PFCAs (Eriksson et al.,
2017).
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Table 1. Abbreviation, CAS No. and purity of the per- and polyfluoroalkyl substance (PFAS)
standards used in this study and PFASs included in the Swedish drinking water guidelines
(indicated by *)

PFAS CAS No.  Abbreviation

" Perfluorobutane sulfonic acid* 375-73-5 PFBS

;CJ Perfluorohexane sulfonic acid* 355-46-4 PFHxS

e Perfluorooctane sulfonic acid* 1763-23-1  PFOS
Perfluorodecane sulfonic acid 335-77-3 PFDS
Perfluorobutanoic acid* 375-22-4 PFBA
Perfluoropentanoic acid* 2706-90-3  PFPeA
Perfluorohexanoic acid* 307-24-4 PFHxA

n Perfluoroheptanoic acid* 375-85-9 PFHpA

§ Perfluorooctanoic acid* 335-67-1 PFOA

& Perfluorononanoic acid* 375-95-1 PFNA
Perfluorodecanoic acid* 335-76-2 PFDA
Perfluoroundecanoic acid 2058-94-8  PFUnDA
Perfluorododecanoic acid 307-55-1 PFDoDA
Perﬂuorogctane 754-91-6 FOSA

»  sulfonamide

< _

= N- methyl.perﬂuorooctane 31506-32-8 MeFOSA

8 sulfonamide
N-ethyl p.erﬂuorooctane 4151-50-2  E{FOSA
sulfonamide

“ N—methyl.perﬂuorooctane 24448-09-7 MeFOSE

(e sulfonamidoethanol

8 N-ethyl p.erﬂuorooctane 1691-99-2  E{FOSE
sulfonamidoethanol
Perfluorooctane 2806-24-8  FOSAA

0 sulfonamidoacetic acid

:E' N-methylperfluorooctane 23553190  MeFOSAA

& sulfonamidoacetic acid

=% _
N-ethylperfluorooctane 2991-50-6  EtFOSAA
sulfonamidoacetic acid

<"’ 6:2 Fluorotelomersulfonate* 425670-753 6:2 FTSA

195}

E 8:2 Fluorotelomersulfonate 678-39-7 8:2 FTSA

26



4.3 Experimental treatment techniques

The stabilization performance of different materials was evaluated in laboratory-
scale batch-test experiments (Papers I-IV). The solid sorbent and aqueous phase
were shaken together for 24 hours or one week, until assumed equilibrium for
PFAS partitioning between the two phases. Equilibrium conditions are often
assumed to be representative of natural conditions for soil pore water, because
of the normally low hydraulic velocity in groundwater and pore water. For
sorbent screening (Paper I), the partitioning was tested for varying sorbents and
pure water fortified with PFASs. For soil treatment (Paper 11-1V), 4-15% (by dry
weight (dw)) of sorbent was mixed with PFAS-contaminated soil, either
artificially spiked soil (Papers II and III) or contaminated field soil (Paper IV).
In the batch laboratory tests (Papers III-IV), the stabilization properties of the
solidified soil were evaluated after crushing the material to 0.1-2 mm, a
conservative standardised test step whereby the treatment effect of solidification
is diminished.

To assess the S/S technology (Paper 1V), a pilot-scale experiment was
performed treating more than six tons of contaminated soil subjected to over six
years of simulated rainfall in a lysimeter facility, where PFAS concentrations in
leachate water were monitored.

4.4 PFAS analysis

In all PFAS analyses, representative internal standards (IS) were used to
compensate for losses in sample preparation and for instrumental matrix effects.
In general, three different sample preparation methods were used for PFAS
analysis: (i) direct injection for high PFAS concentrations in water samples (0.1-
100 ng mL-"), for which 0.5 mL samples were spiked with methanol and IS
mixture; (ii) offline solid phase extraction (SPE) for low PFAS concentrations
in water samples (0.1-100 ng L"), for which 0.25 L water samples were spiked
with IS and loaded on a 150 mg WAX SPE cartridge and eluted with 12 mL
methanol with 0.1% sodium hydroxide. The methanol extract was concentrated
to 0.5 mL under nitrogen gas and diluted with 0.5 mL MilliQ water before
instrumental analysis; and (iii) solid-liquid extraction for solid samples, i.e.
PFAS-contaminated soil. The extraction solvent for 3 g dry soil was 30 mL of a
80% methanol and 20% 1 M sodium hydroxide solution, spiked with an IS
mixture. After equilibrating, 10 mL of the aliquot was concentrated to 0.5 mL
under nitrogen gas and diluted with 0.5 mL MilliQ water. All samples were
filtered through a 0.45 pum recycled cellulose syringe filter before injection into
the instrument.

Analysis of PFASs in all samples was performed using ultra-high performance
liquid chromatography coupled with tandem mass spectroscopy (UHPLC-
MS/MS) (Quantiva TSQ; Thermo Fisher). The analytes were separated using a
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BEH-C18 column (1.7 pm, 50 mm, Waters) and an injection volume of 10 pL.
The eluent gradient was 12 min, and the mobile phases were Millipore water and
acetonitrile with 5 mM ammonium acetate. The isotope dilution method was
used for quantification and for compensating for losses and matrix effects. An
eight-point calibration curve (0.01-100 ng mL") was used for quantification and
the data were evaluated using TraceFinder™ software (Thermo Fisher).

4.5 Quality assurance and quality control (QA/QC) for
PFAS analysis

Quality assurance and quality control (QA/QC) was performed on all individual
experiments. The QA/QC included absolute recovery experiments based on
losses of ISs and estimation of experimental replicate standard deviation. In
general, all measurements were performed in either duplicate or triplicate, or by
intense sampling over time to account for experimental and analytical variation.
Recovery was assessed in each experiment and was always >50%. Laboratory
blanks were included in each batch of experiments (typically every 10 samples).
The instrument detection limit (IDL) was set to the lowest calibration point with
either signal to noise threshold >3 or deviation <30% in the average response
factor (ARF). The method detection limit (MDL) was set to the IDL or, if PFASs
were detected in laboratory blanks, the MDL was set to the average blank PFAS
concentration plus three times the standard deviation.

4.6 Characterisation of other variables

A wide variety of other parameters were determined in order to enable evaluation
and analysis of the results. The parameters analysed were pressure (UCS), pH,
conductivity, grain size distribution (soil characterisation), hydraulic
conductivity, loss of ignition (soil carbon content), z-potential and particle size
distribution. Other analyses performed included surface area measurement
(BET), X-ray tomography, scanning electron microscopy (SEM) and high-
resolution mass spectrometry (for details, see Papers I-1V).
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5 Results and Discussion

5.1 Activated carbon stabilization

In the screening of 44 possible materials for PFAS sorption (Figure 5), it was
found that only a few of the materials tested had a significant impact on sorption
of PFASs compared with natural soil constituents (Paper I).

Figure 5. Images of (left) different sorption materials evaluated in Papers I and III, and (right)
the colloidal activated carbon evaluated in Paper II.

Carbon-based materials, such as biochars and other organic-rich materials, i.e.
peat and sewage sludge, showed increased PFAS sorption compared with
untreated soil and water (Papers I and II). The dominant sorption mechanism
was identified to be primarily hydrophobic sorption, followed by electrostatic
sorption, with the latter being more important for compounds with shorter
perfluorocarbon chain length. Hydrophobic sorption dependency was apparent
as linearly increasing partitioning of PFASs to sorbents with increasing
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perfluorocarbon chain length, while electrostatic sorption dependency was
apparent from discrepancies in sorption of PFASs with the same perfluorocarbon
chain length but different functional groups. This behaviour was observed in all
experiments.

Comparisons of the sorption of PFASs to the different materials tested in the
screening study (Paper I) showed that activated carbons had particularly good
sorption capacity for PFASs. This has been reported previously for PFASs in
laboratory-scale water treatment experiments (Ochoa-Herrera & Sierra-Alvarez,
2008; McCleaf et al., 2017) and in full-scale water treatment plants using
granulated activated carbon (GAC) (Belkouteb er al., 2020). In addition,
activated carbon material has been used for treating groundwater in e.g. soil
washing and pump-and-treat systems for soil remediation purposes. Stabilization
with 4% powdered activated carbon has previously been shown to reduce PFOS
leaching from contaminated soils by >99% (Kupryianchyk et al., 2016; Hale et
al., 2017).

However, the same high efficiency was not observed for a colloidal activated
carbon product, PlumeStop®, a commercially available sorbent for use in soil
stabilization treatment for PFASs (and other contaminants) (Paper II). It was
found to have a maximum treatment efficiency of around 80% for PFOS and no
effect on short-chain PFASs, i.e. PFBA and PFBS. This result was contradictory
to findings reported for field-scale colloidal activated carbon treatment, which
reduced the PFOS groundwater concentration from 1500 ng L™ to below 20 ng
L' in downstream observation wells after 18 months (McGregor, 2018). It
remains to be determined whether such treatment efficiency remains stable over
a longer period of time, or whether field treatment efficiencies converge to
laboratory-scale equilibrium results (Paper II).

Paper II showed an effect of soil type on treatment efficiency. It was found
that the competitive properties of soil organic matter reduced the treatment
efficiency of colloidal activated carbon, while an increasing proportion of clay
increased the treatment efficiency, due to the higher surface area to which the
sorbent can attach.
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5.3 Stabilization-solidification

In the evaluation of S/S treatment as a stabilization technique (Paper III), high
removal efficiencies (>99%) were achieved for e.g. PFOS at laboratory scale
using 10% binder mixture. Even higher efficiencies (up to 99.7%) were observed
on adding 0.2% powdered activated carbon (PAC), which involved considerably
less material and was cheaper than the 4% activated carbon treatment tested in
previous studies by Kupryianchyk et al. (2016) and Hale et al. (2017). The
addition of 0.2% PAC in Paper III did not markedly affect the solidifying
properties of the treated soil, a factor that determines the longevity of the
physical monolithic structure (Figure 6). An additional laboratory-scale
screening of different cement binders in Paper IV did not show any considerable
difference in either PFAS leaching or strength performance. Hence, the
commonly available (in Sweden) cement binder mixture of 50:50 CEM II/A-V
52.5 N Portland:fly ash (Bas cement, Cementa) was sufficient for successful S/S
treatment for PFASs. However, treatment efficiencies for short-chain PFCAs
(i.e. PFBA, PFPeA and PFHxA) were low (or even negative when not using
0.2% PAC additive) in the laboratory-scale trials (Papers III and IV) and in the
pilot-scale study (Paper IV). This was explained by the relatively higher
importance of the electrostatic sorption mechanism, which is not favourable in
the basic matrix of cementitious binders due to competitive binding of hydroxide
ions.
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Figure 6. (Upper row) Images of soil monoliths following stabilization-solidification (S/S)
treatment with 15% cement in pilot-scale experiments, and (lower row) the corresponding
scanning electron microscope (SEM) images at 500 xm resolution.

The promising results obtained for the cost-efficient and commercially available
S/S remediation technique encouraged further studies on a larger scale, leading
to Paper IV. The scale is important in S/S testing, since the physical protection
afforded by soil solidification limits the contact to water leachate by lowering
the exposed surface area. The S/S-treated soil in Paper IV was treated with 15%
cement and 0.2% GAC. The artificial rain applied (300 mm y') infiltrated and
percolated through S/S-treated (n = 2) and reference soils (n = 2). The treatment
was performed over one year and leachate was collected every 2-3 weeks. In the
leachate from the untreated soil, PFOS, PFHxS, PFHpS and PFOA dominated,
comprising 62%, 12%, 9% and 4%, respectively, of the total concentration of
the 17 PFASs analysed. The treatment efficiency for those PFASs was found to
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be 97-99%. At the last sampling point for the S/S-treated soil, the short-chain
PFPeA contributed almost 50% of the total PFAS concentration in leachate,
although the homologue comprised a negligible proportion in the reference soil
leachate. This is in accordance with the leaching behaviour of short-chain PFASs
in the laboratory-scale tests (Papers III and IV). In general, the relative leaching
behaviour in the laboratory-scale experiments was significantly correlated with
that in the pilot-scale experiment. This is a promising finding, as laboratory-scale
S/S recipe optimisation is still a critical and integral part of assuring the
longevity of treatment.

Ultimately, the sum of PFASs (not including PFBA) concentration in
leachate from the treated soil at the end of the experiment was around 300 ng L
I, which exceeded the Swedish drinking water guideline of 90 ng L' for the sum
of 11 PFASSs (including PFBA). However, the PFAS leaching concentration was
still decreasing at the end of experiment (as reported in Paper 1V), and may
continue to decrease as the experiment will continue for one more year (outside
the time-scope of this thesis). A noteworthy observation when studying the
leaching behaviour in the two systems was that the apparent ‘sorption strength’
(partitioning coefficient Ky) increased over time for both the reference soil and
the leachate. The initial partitioning coefficient for the reference soil was of the
same order of magnitude as in the laboratory-scale equilibrium batch tests, e.g.
for PFOS in Papers II and IV, but was one order of magnitude higher at the end
of the experiment. This discrepancy in Ky values between laboratory-scale and
field-scale studies has previously been observed by Li et al. (2018), who found
that field-scale partitioning was one order of magnitude higher than in
laboratory-scale experiments. This process is often referred to as soil ageing, and
can be due to limitations in mass transfer from soil pores to the mobile aqueous
phase and/or differences in chemical sorption strength.

Overall, the efficiency of stabilization techniques in immobilising PFASs was
found to vary greatly with soil type (organic matter and clay content), sorbent
type and PFASs targeted by the treatment (long-chain, short-chain). Activated
carbon materials proved to be most effective in soil remediation, as shown for
the case of PFOS in Figure 7. Colloidal activated carbon was easily applied but
was the least effective alternative investigated, although it still reduced PFOS
leaching by over 80%. The highest soil treatment efficiency for PFOS was found
for 10% cementitious S/S treatment with 0.2% PAC, which gave a >99%
reduction in leaching. At pilot scale, 15% cementitious S/S treatment with 0.2%
GAC gave the best long-term (<6 years) stabilization of PFOS (>97%). A pure
10% cementitious S/S treatment was also found to be a suitable option for PFOS
stabilization (Figure 7).
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Figure 7. Comparison of treatment efficiencies and sorption coefficient (Kd) values for
perfluorooctane sulfonate (PFOS), based on results obtained in Papers [-1V. AC = activated
carbon, GAC = granulated activated carbon, PAC = powdered activated carbon
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6 Conclusions and Future work

The aim of this thesis was to identify available and promising materials for
efficient PFAS stabilization.

» Screening of 44 candidate sorption materials for soil stabilization and
PFAS sorption showed that materials based on activated carbon
performed significantly better in PFAS sorption than all other sorbents.
The main sorption mechanism was hydrophobic binding, followed by
electrostatic binding.

» A novel liquid colloidal activated carbon, which can be injected under
high pressure into contaminated soil, was investigated for PFAS
sorption in 10 different soils. The results showed that treatment
efficiency in PFAS sorption was 1-2 orders of magnitude lower than in
stabilization of PFAS-contaminated soils by mechanical mixing with
powdered activated carbon.

» Stabilization-solidification (S/S) treatment of PFAS-contaminated soil
showed promising results in laboratory-scale trials. Assessment of the
long-term sorption of PFASs in pilot-scale S/S-treated soil, using
artificial irrigation simulating six years of natural precipitation (300 mm
y), revealed a discrepancy between short- and long-term leaching of
PFASs. Long-chain PFASs were better retained in the longer term,
possibly due to stronger sorption.

» The efficiency of stabilization techniques in immobilising PFASs
varied greatly with the type of sorbent material used. Activated carbon
materials performed best. Colloidal activated carbon was easily applied,
but was least effective in reducing PFOS leaching (~80% reduction).
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» The highest stabilization effect for PFOS was obtained with 10%
cementitious S/S treatment combined with 0.2% powdered activated
carbon in the laboratory (>99% reduction in leaching). At pilot scale,
15% cementitious S/S treatment with 0.2% granulated activated carbon
gave the best long-term (<6 years) stabilization of PFOS (>97%
reduction in leaching), followed by 15% S/S cementitious treatment
alone.

Future work

This thesis presents results for laboratory- and pilot-scale S/S treatment, a
readily available technique that can prevent leaching of PFASs to groundwater
in order to meet regulatory limits. S/S techniques can be used in full-scale field
applications and are now sufficiently mature for field-scale testing, which is
critical for evaluating the true treatment efficiency in reducing PFAS leaching
to groundwater. Such experiments are very costly and practically challenging,
but important due to the urgency of treating polluted soil before the contaminants
have dispersed too far from the original contaminated site. Questions remains on
appropriate design of field-scale trials, the role of soil ageing and the longevity
of stabilization treatment. Assuming that the longevity of S/S treatment for
PFASs is similar to that for other organic soil pollutants (e.g. polycyclic aromatic
hydrocarbons), previous results for other pollutants in field-scale stabilization
trials could help understand the efficiency of PFAS treatment, including long-
term effects on sorbent weathering and sorbent degradation.

It was apparent from the results in this thesis that short-chain PFASs, which are
considered less bioaccumulative than their longer-chain counterparts, are not
retained well with stabilization techniques, either in soil or in water matrices.
However, these more water-soluble homologues tend to leach faster than their
longer counterparts do. Hence, alternative sorption materials are needed to
complement activated carbon sorbents or other techniques are required.
Colloidal activated carbon has the advantage of ease of application on-site and
can be used as a complement in S/S treatment of a highly contaminated hotspot,
but more work is needed (e.g. development of a sorbent with a higher capacity
for short-chain PFASs). Other complementary removal remediation techniques
have been shown to be more efficient for short-chain PFASs, such as
phytoremediation and electrokinetic soil remediation, which can be combined
with destructive treatment techniques such incineration and advanced oxidation
methods, respectively.
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Overall, the S/S treatment technique has a rigorous history and available
infrastructure for treating contaminated soils cost-efficiently, has the flexibility
for remediation in situ but also ex situ, and can be used for different types of
solid materials (e.g. soil, sediment, waste products). Politicians, regulatory
institutions and practitioners are therefore encouraged to take action to mitigate
PFAS contamination in polluted soils. However, few guideline values have been
set for PFASs in soil and groundwater, and existing values are only limited to a
few PFASs (e.g. PFOS, PFOA), so target remediation contaminant levels remain
uncertain. Another important aspect of in situ stabilization methods is that the
pollutants are not removed but retained, so guidelines should include limits on
leaching of PFASs from stabilised soil. Setting guideline values for unknown
PFASs is another important task for the future, possibly using analytical
procedures such as total organic fluorine or TOP-assay approaches.

Be brave.

Take the lead.
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Popular science summary

It is claimed that per- and polyfluoroalkyl substances (PFASs) are the new
polychlorinated biphenyls (PCBs) of this century. Their chemical properties,
such as dirt and water repellence, make them very useful in many everyday
products, such as textiles for outdoor jackets, paper products like microwave
popcorn bags and make-up products. These chemicals can even save lives, as
they are used in aqueous firefighting foams (AFFFs). However, while PFASs
have “useful’ properties for consumer products, these properties also make them
extremely persistent, with the potential to accumulate in the environment. They
are also potentially toxic. Previous studies have shown that drinking water is an
important source of human exposure to PFASs. The presence of PFASs in
drinking water is often tracked back to unregulated use of PFAS-containing
AFFFs at firefighter training facilities, where PFASs can be released directly
into the natural soil. Due to the high mobility of many PFASs, they can
contaminate local drinking water source areas and pose a risk of human
exposure.

This thesis evaluated innovative techniques to remediate PFAS-
contaminated soils, in order to protect drinking water source areas and
ecosystems. There are two principal techniques for treating contaminated soil:
(i) removing the contaminant or (ii) immobilising the contaminant within the
soil to prevent it being transported to the groundwater. This thesis focused on
the immobilisation approach, which is often referred to as soil stabilization. A
total of 44 materials were screened for their sorption of PFASs. Activated
carbons showed the highest sorption capacity for PFASs among the materials
tested, due to their high surface area and sorption capacity. Based on these
findings, a novel liquid activated carbon, which can be injected in situ from the
soil surface without intrusive and expensive excavation and mixing, was tested
in further studies. The results showed that for some PFASs, leaching was
reduced by about 80%. Laboratory-scale evaluation of the cost-efficient
stabilization-solidification (S/S) method, which involves mixing cement into the
soil to trap contaminants, showed that most PFASs were retained from 93%, or
to more than 99.9% when a small portion of activated carbon was added to the
cement. Pilot-scale evaluation of S/S treatment using around six tons of PFAS-
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contaminated soil subjected to more than six years of artificial rainfall revealed
treatment efficiency of more than 97% for the sum of PFASs, indicating that S/S
treatment can be an efficient long-term treatment. These novel findings can help
researchers, politicians and practitioners make well-informed decisions on use
of stabilization treatment for remediation of PFAS-contaminated soils.
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Popularvetenskaplig sammanfattning

Det ér sagt att PFAS (per- och polyfluorerade alkyldmnen) 4r detta &rhundrades
nya PCBer. Deras kemiska egenskaper, s som smuts- och vattenavstotande, gor
att de 4r vildigt anvindbara i allehanda vardagsprodukter sa som jackor,
pappersforpackningar t.ex. popcornforpackningar och smink. PFAS-
kemikalierna har dven livsavgorande egenskaper dd de anvinds i effektiva
brandskum vid svara brinder. Men &dven om PFAS har mangsidiga
nyttoegenskaper for vardagslivet, sa har de dven egenskaper som dr oroande da
det har visat sig att de inte bryts ned over lang tid, ackumuleras i mianniskor och
miljon, samt att vissa PFAS har hélsofarliga effekter.

Tidigare studier har visat att dricksvatten dr en viktig kidlla fér ménniskors
dagliga intag av PFASs. Ursprunget av PFAS 1 dricksvatten har visat sig ofta
komma frén intilliggande fororenad mark dér just PFAS-brandskum obegrénsat
har anvénts i stora méngder, s som brandovningsplatser. Stora miangder PFAS
har da fastnat i marken som sedan kontinuerligt ldcker ner till grundvattnet som
i vissa fall anvénds till dricksvatten. For att skydda dricksvattnet frin att
fororenas maste den kontaminerade marken saneras, och hittills har endast ett
fatal studier utvérderat olika tekniker for att effektivt sanera PFAS-fororenad
mark.

Syftet med denna avhandling &r att utvirdera saneringstekniker for att sanera
PFAS-fororenad mark for att skydda dricksvattentikter och dirmed exponering
for ménniskor. Sanering av mark sker ofta genom tva huvudprinciper: (1) ta bort
fran fororeningen eller (2) att immobilisera fororeningarna i marken och dérmed
skydda mot utlakning till dricksvattnet. Den hdr avhandlingen handlar om
immobiliseringstekniken, vilken ocksa kallas for stabilisering.

Den forsta studien &mnade hitta material som adsorberar och fastlagger PFAS.
44 olika material testades, och en grupp material, ndmligen aktiverat kol, visade
sig konsekvent ha extra bra sorptionsformaga. Att aktivt kol fungerar bra for att
stabilisera fororeningar ar tidigare kiant da materialet har hog ytarea dér de kan
fastna.

Baserad pa dessa resultat gjordes en vidare studie pé ett kolloidalt rinnande aktivt
kol som kan hogtrycksinjiceras fran markniva utan omblandning. Resultatet
visade sig minska utlakningen av vissa PFAS med upp till 80 % for vissa PFAS.
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I en tredje studie testades en teknik som heter stabilisering och solidifiering. Det
ar en vélbeprovad och kostnadseffektiv teknik for manga andra féroreningar, och
baseras pa att blanda cement ner i marker. Marken blir da héart och impermeabel,
vilket gér att regnvatten inte kan rinna igenom den kontaminerade men
forhardnade marken och diarmed transporteras inte heller fororeningarna vidare
till vattentékten. Resultaten visade att denna teknik minskade utlakningen med
99.9% om ocksé en liten del aktiverad kol anvéindes med cement.

Da stabilisering och solidifiering studien visade pa mycket lovande resultat
utfordes et pilotskaleexperiment dir dver sex ton jord behandlades med cement
och aktivt kol. For att se hur utlakningen av PFAS skedde over en léngre tid,
bevattnades den behandlade jorden med motsvarande sex &rsnederborder.
Resultaten visade att PFAS minskade med mer dn 97 %, vilket &r en god
effektivitet dver en sddan lang tid.

Med ny kunskap fran denna forskning kan politiker och problemigare gora
bestimma om en stabiliseringsmetod av PFAS-foérorenad mark &r en ldmplig
metod att anvénda i framtiden.
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