Science of the Total Environment 875 (2023) 162668

Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv

Contents lists available at ScienceDirect

Science o e
Total Environment

Influence of grain size, organic carbon and organic matter residue content on ) |

Check for

the sorption of per- and polyfluoroalkyl substances in aqueous film forming e
foam contaminated soils - Implications for remediation using soil washing

Michel Hubert ®>*, Hans Peter H. Arp *°, Mona Cecilie Hansen °, Gabriela Castro , Thomas Meyn ?,
Alexandros G. Asimakopoulos ?, Sarah E. Hale "

@ Norwegian University of Science and Technology (NTNU), NO-7491 Trondheim, Norway
b Norwegian Geotechnical Institute (NGI), NO-0806 Oslo, Norway

HIGHLIGHTS

PFAS sorption analysed for different size
fractions of an AFFF contaminated soil.
First PFAS Ky & K, values for size frac-
tions and soil organic matter residues.
Residues showed the highest K, values for
PFAS sorption.

In situ PFAS sorption significantly corre-
lated with grain size and OC content.
Recommendations for optimizing soil
washing for PFAS presented.

ARTICLE INFO

Editor: Daniel Zahn

Keywords:

Organic residues
Partitioning
Remediation
Contaminated soil
Koe

PFAS chain-length

GRAPHICAL ABSTRACT

Grain size t‘ 3 e
> 02-4 mm
Toct L
P 2 | 90.063-05mm
~ 8<0.063 mm
3 7 BSOMR
Y/ 1 | WFloating SOMR i
: X 4 | log Ky
' i } (ne/g)
P\ /4 |
) -
> .| A
) L

Kq values 1 PFHXS (C6) PFOS (C8) 6:2FT5 (C8)

ABSTRACT

A soil that was historically contaminated with Aqueous Film Forming Foam (AFFF) was dry sieved into size fractions
representative of those produced during soil washing. Batch sorption tests were then conducted to investigate the
effect of soil parameters on in situ per- and polyfluoroalkyl substances (PFAS) sorption of these different size fractions:
< 0.063 mm, 0.063 to 0.5 mm, 0.5 to 2 mm, 2 to 4 mm, 4 to 8 mm, and soil organic matter residues (SOMR). PFOS
(513 ng/g), 6:2 FTS (132 ng/g) and PFHxS (58 ng/g) were the most dominant PFAS in the AFFF contaminated soil.
Non-spiked, in situ Kq values for 19 PFAS ranged from 0.2 to 138 L/Kg (log K4 —0.8 to 2.14) for the bulk soil and
were dependant on the head group and perfluorinated chain length (spanning C4 to Cq3). The K4 values increased
with decreasing grain size and increasing organic carbon content (OC), which were correlated to each other. For exam-
ple, the PFOS K, value for silt and clay (< 0.063 mm, 17.1 L/Kg, log K4 1.23) were approximately 30 times higher com-
pared to the gravel fraction (4 to 8 mm, 0.6 L/Kg, log K4 —0.25). The highest PFOS K4 value (116.6 L/Kg, log K4 2.07)
was found for the SOMR fraction, which had the highest OC content. K, values for PFOS ranged from 6.9 L/Kg (log Ko
0.84) for the gravel fraction to 1906 L/Kg (log K, 3.28) for the silt and clay, indicating that the mineral composition of
the different size fractions also influenced sorption. The results here emphasize the need to separate coarse-grained
fractions and fine-grained fractions, and in particular the SOMR, to optimize the soil washing process. Higher K4 values
for the smaller size fractions indicate that coarser soils are better suited for soil washing.
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1. Introduction

Aqueous film forming foams (AFFFs) have been used at firefighting
training sites worldwide for decades (Anderson, 2021; Briunig et al.,
2019; Hgisaeter et al., 2019; Langberg et al., 2019; Sorengéard et al.,
2022). It is very common at airport sites that per- and polyfluoroalkyl
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substances (PFAS) and related precursors accumulate in soil (Houtz et al.,
2013; Maizel et al., 2021). The PFAS concentrations found at firefighting
training sites where AFFF has been used are often orders of magnitude
higher than those found in soils that are considered to represent back-
ground levels (Brusseau et al., 2020). These soils leach PFAS, and the devel-
opment of hot spot groundwater plumes constitutes a large risk for the
contamination of drinking water resources and aquatic ecosystems nearby
(McMahon et al., 2022; Sérengard et al., 2022). PFAS emission are not lim-
ited to the usage of AFFF at airport or military bases. Other sources of PFAS
include compost applications, the use of biosolids (Bolan et al., 2021a) and
recycled water for irrigation purposes (O'Connor et al., 2022), landfill
leachate (Gallen et al., 2017; Masoner et al., 2020) and emissions from
industrial sites where PFAS are produced or used as processing aids
(Kurwadkar et al., 2022). According to a recent publication, around
100,000 sites in Europe are potentially contaminated with PFAS, including
firefighting training facilities at airports or military bases (Goldenman
et al., 2019). Given the large number of PFAS impacted sites and stricter
regulatory focus, which includes a drive to increase the amount of soil
that can be reused, there is an ongoing need to develop diverse and innova-
tive treatment technologies for PFAS contaminated soil (Bolan et al.,
2021b; Ross et al., 2018).

A potential solution for some sites is soil washing. The main goal of soil
washing is to transfer the contaminant into the liquid phase, where further
treatment or concentration steps are easier to carry out (Quinnan et al.,
2022). Soil washing generates much lower volumes of hazardous waste
which need to be further treated or disposed of when compared to
landfilling and stabilization. There are two different treatments regarding
soil washing: in situ or ex situ. In an in situ approach, the soil is not exca-
vated but is washed using enhanced irrigation, where the water is collected
in a drainage system or through pumping wells. The effectiveness of in situ
soil washing for an AFFF contaminated site was demonstrated at the pilot
scale in Norway (Hgisaeter et al., 2021). The process of ex situ soil washing
includes excavation followed by separation of different soil fractions using
physical sieving techniques followed by a washing process. Depending on
the type of soil and the predominated contaminants present, different phys-
ical and chemical techniques can be used in the process. To date there are
few soil washing facilities in the world that are dedicated to the treatment
of PFAS contaminated soils. The few previous publications reported exam-
ples at bench and field scales, both in situ and ex situ (Grimison et al., 2020;
Hgiseeter et al., 2019; Quinnan et al., 2022). At a military base in Australia
(RAAF Edinburgh) approximately 4,000 tons of PFAS contaminated soil
were washed on site. Results demonstrated that around 90 % of PFOS
and PFHxS were removed in clay soils and around 98 % were removed in
sandy soils (Grimison et al., 2020). Quinnan et al. (2022) demonstrated
the efficiency of soil washing using a pilot scale mobile washing treatment
process at a remote airbase in Fairbanks, Alaska. In that trial approximately
180 tons of PFAS contaminated soil with maximum PFOS concentrations of
560 pg/kg were treated. The concentration of PFAS was reduced by approx-
imately 95 % for the gravel fraction and by approximately 89 % for the sand
fraction of the soil. The fine fraction (silt and clays) showed the lowest re-
duction (and greatest variance) of PFAS concentrations (approximately
62 %). These results indicated that the effect of washing may be related
to soil grain size distribution and other soil properties, however, the influ-
ence of these properties is currently a knowledge gap. A better understand-
ing of the soil parameters governing PFAS sorption will allow local
pedological information to be used to screen soils for their suitability to-
wards soil washing.

To address these knowledge gaps, this study focuses on understanding
how different soil parameters affect PFAS sorption from historical AFFF
contaminated soil and subsequently how this may affect the efficiency of
a soil washing process. Several previous studies have shown that sorption
processes are correlated with, among other parameters, the soil organic
matter (SOM) content, the soil clay content as well as counter-ions present
(Brusseau, 2018; Li et al., 2018; Milinovic et al., 2015; Nguyen et al., 2020).
PFAS sorption interactions with organic matter (OM) are diverse and in-
clude hydrophobic interactions, electrostatic interactions and hydrogen
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bonding (Higgins and Richard, 2006; Li et al., 2018; Mei et al., 2021),
whereas the sorption interactions of PFAS with soil minerals are dominated
by electrostatic interactions (Campos-Pereira et al., 2020; Jeon et al., 2011;
Mei et al., 2021). The specific surface area may play an important role in
sorption especially for fine sized soil fractions, like clays, where cation ex-
change between PFAS and base cations covering the clay surface can
occur (Mejia-Avendan et al., 2020).

In this study the effect of selected soil parameters (organic carbon con-
tent, inorganic carbon content, percentage silt and clay, and specific surface
area) of different soil size fractions (< 0.063 mm up to 8 mm) was investi-
gated using batch tests with historical AFFF contaminated soil (Hale et al.,
2017). The different soil size fractions are representative of those produced
at different points in the soil washing process. The hypothesis of the exper-
iments in this study are: PFAS sorption is dependent on a) grain sizes, b) OM
content and c) chain-length. Testing of these hypotheses will support the
optimization of soil washing as a remediation method for PFAS contami-
nated soil as well as contribute to our understanding of PFAS sorption
mechanisms under saturated conditions.

2. Materials and methods
2.1. Soils and sieving procedure

Soil samples were collected from a historical AFFF contaminated site at
Oslo airport, Gardermoen. The soil was taken between 0.1 and 0.5 m below
the surface from the plant root zone (Fig. S1 of the Supplementary Mate-
rial). Before further processing the soil was dried in an oven at 60 °C for
72 h. Aggregates formed during the drying process were gently crushed be-
fore sieving in order not to alter the derived size fractions. The soil was dry
sieved following standard EN ISO 17892-4:2016 using a sieving tower with
8 different sieves (0.063, 0.125, 0.250, 0.500, 1.00, 2.00, 4.00, and
8.00 mm) (ISO, 2016). The sieving was stopped when there was no signif-
icant change in the mass of the size fractions on each sieve (mass difference
after each sieving stage < 1 %).

For the size fractions up to 2 mm, hydrometer analysis following stan-
dard EN ISO 17892-4:2016 was conducted to calculate the remaining silt
and clay content in the samples. A batch soil sample was made by mixing
the sieved soil samples together in groups (<0.063 mm, 0.063 mm to
0.5 mm, 0.5 to 2 mm, 2 to 4 mm, 4 to 8 mm) to represent the soil fractions
which are typically derived at soil washing plants. The different size frac-
tions used in this study are shown in the Supplementary Material
(Fig. S2). The composition of these fractions resembled the original sieve
distribution of the soil.

2.2. Soil characterization

The different size fractions derived from the bulk soil were analysed for
organic carbon (OC) and inorganic carbon (IC) content following an opti-
mized loss on ignition method according to (Wang et al., 2011). Duplicate
soil samples were dried at 105 °C over night (> 12 h) and then placed
into the furnace at 475 °C, 550 °C and 800 °C. After each temperature
step, the samples were quenched using a desiccator and weighed.

Specific surface area (SSA, [mz/g]) was determined using the Brunauer-
Emmet-Teller (N,-BET) method (in duplicate). The samples were degassed
at 105 °C for 12 h before being analysed using a Micromeritics 3FLEX 3500
instrument. Further soil characterization of the bulk soil can be found in
(Hale et al., 2017).

2.3. Separation of soil organic matter residues

The soil contained soil organic matter residues, likely from plant roots,
decayed organic material and plant residues. These organic residues (re-
ferred to as “SOMR” herein) were handpicked using metal tweezers from
the sieve with a mesh size > 0.5 mm (Fig. S3). The amount of SOMR col-
lected from these fractions are summarized in Table S1. Below this size
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fewer SOMR were visible and it was difficult to both separate and distin-
guish these from the bulk soil.

2.4. Batch sorption experiments

To quantify in situ sorption of PFAS present on the different soil size
fractions from historical contamination, single step batch tests were carried
out based on a slightly modification of EN 12457-1 (EN, 2002). In short,
triplicate batch tests were set up using 50 mL Falcon® conical centrifuge
tubes at a normalized liquid (Milli-Q water containing 0.01 M CaCl,) to
solid ratio of 2:1 (apart from the SOMR at 30:1). Based on PFAS concentra-
tions and soil properties, soil washing facilities adjust the amount of wash-
ing water, and hence the L:S ratio they use. In general L:S ratios are higher
in soil washing facilities compared to this batch sorption study conducted
under controlled laboratory conditions. For example, Grimison et al.
(2023) used 18 m® per ton of soil for their field trial in Australia, leading
to an effective L:S ratio of 18:1. To reach sorption equilibrium conditions
between the water and solid phase, the vials were placed on an overhead
shaker for 10 days (Hale et al., 2017; Higgins and Richard, 2006; Wang
et al., 2021) followed by centrifugation (10 min, 3,200 rpm) and the
removing of the supernatant water phase. Water and soil samples were
stored at 4 °C prior to analysis.

When the water was added to the batches, some of the remaining SOMR
in the soil floated on the water surface. These SOMR were collected after
shaking and analysed as an additional fraction (referred to as “floating
SOMR”).

2.5. PFAS analysis

Water and soil samples were analysed for 40 PFAS in total. Information
about all PFAS including CAS number, acronym, chemical structure, molec-
ular weight, and the respective isotopically labelled internal standard used
can be found in the Supplementary Material (Table S2). The analytical stan-
dards used in this study included PFAS in acid form and in salt form. The
Instrumental LOQ and the method LOQ for water and soil can be found in
Table S3. The OECD (2011) has defined short-chain perfluoroalkyl carbox-
ylic acids (PFCAs) as those with a carbon chain length smaller than 8 (< Cg)
and short-chain PFSAs with a carbon chaing length smaller than 6 (< Cg).
Due to the sorption behaviour seen in this study we use the term “shorter”
chain PFCAs to include all those with a carbon chain length of 8 or smaller
(= Cg) and “shorter” chain PFSAs as having a carbon chain length of 7 or
smaller (< C,). PFCAs and PFSAs which are not included as shorter chain
are referred to as “longer” chain.

The gravel size fraction (2 to 4 and 4 to 8 mm) was very heterogeneous
and the mass balance for this fraction had a high error. For this reason,
PFAS concentrations for the AFFF contaminated bulk soil (Cpy [ng/g])
are calculated as the sum of concentrations found in the water (C,,
[ng/mL] and the soil phase (Cs [ng/g]) for each soil fraction used in the
batch test.

2.6. Data analysis

Soil-water partitioning coefficients (K4 values) were calculated for
each sample using the concentrations of PFAS measured in the soil phase
(Cs [ng/gl, d.w.) divided by those measured in the water phase (C,
[ng/mL]). K4 values were only calculated for samples where the PFAS con-
centration in the soil and the water were above the LOQ. Values below the
LOQ were not substituted and were not used (Helsel, 2006). An average K4
was calculated using the single K values from each triplicate and the data is
presented as the geometric mean * standard error (+ SE) (this would cor-
respond to the arithmetic mean of log K4 values). K, [L/kg] values were
calculated by normalizing K4 values with the organic carbon content and
are presented as the geometric mean + SE (OECD, 2001).

The K4 (and corresponding K,.) values derived in this study are from
sorption experiments, where historical AFFF contaminated soil was used.
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A discussion on the comparability of Ky values from different studies can
be found in Section 3.3.1.

2.7. Statistical analysis

Statistical analyses including the calculation of correlation coefficients
and linear regression were carried out using IBM SPSS Statistics
(28.0.1.0142). Collinearity between soil parameters was assessed using
the calculated Pearson Correlation coefficients. In case of closely related
soil properties (Pearson correlation coefficient, r = 0.7) (Nguyen et al.,
2020) the soil property available for all size fractions and with the lowest
error margin was chosen for the regression model. The mean grain size
used in the regression model was calculated for each size fraction based
on the results of the sieving analysis. The results of the regression models
are compared using the adjusted R*-values (adj. R?) and calculated t-
values for only significant models (p-value < 0.05).

2.8. Quality assurance and quality control (QA/QC)

QA/QC protocols were implemented during all experimental and ana-
lytical steps and a detailed description are provided in the Supplementary
Material (S4). PFAS concentrations were quantified using matrix-match cal-
ibration described in studies before (Asimakopoulos et al., 2016; Castro
et al., 2022; Raposo and Barceld, 2021). A detailed description of the sam-
ple preparation and analysis of PFAS can be found in the Supplementary
Material (S3). To minimize losses of PFAS due to sorption to filter equip-
ment (Lath et al., 2019; Sorengard et al., 2020) the water samples were
not filtered. Sorption losses to vials as reported by various authors (Lath
etal., 2019) were assumed to be negligible due to the high original concen-
trations of PFAS in the soil.

3. Results and discussion
3.1. Soil parameters

The soil was characterized as a medium sand (Fig. S6) with 85.2 % of
material in the sand fraction (0.063 to 2.0 mm), 11.4 % in the silt and
clay fractions and 3.2 % in the gravel fraction (2.0 to 8.0 mm). All measured
soil parameters are summarized in Table S4. The handpicked SOMR (which
are not included in the sand, silt, clay, or gravel fractions) represented
around 0.2 % of the whole soil mass. The fine sand size fraction (0.063
to 0.5 mm) contained a considerable amount of silt (7.1 %) and clay
(3.4 %), showing the limitation of the separation efficiency of the dry siev-
ing technique for such small particles. The fraction < 0.063 mm mainly
consisted of silt and had a smaller amount of clay (9.9 %). The results of
the hydrometer analysis are summarized in Table S5.

Fig. 1 shows the results and errors of the N»-BET analysis (SSA [m?/ gl
and the results of the enhanced loss on ignition method (for the determina-
tion of OC [%]) for the different size fractions used in the batch tests.

The OC content of the bulk soil was approximately 3.0 %. The OC con-
tent and the SSA both increase with decreasing grain size (Fig. 1). The frac-
tions with the highest OC content were the silt-clay (< 0.063 mm) fraction
(8 %) and the handpicked SOMR (44 %). The increase in OC content with
decreasing soil aggregate size and soil size fraction resulted in the clay
and silt fraction having the highest OC content and this is in accordance
with various other studies (Anderson et al., 1981; Yang et al., 2016). As ex-
pected, the SSA of the gravel fraction (4 to 8 mm) was the smallest
(1.47 mz/g) and the silt-clay fraction (< 0.063 mm) had the highest SSA
(4.58 m?/. g). Whereas the SSA for the sand fraction (0.063 to 2 mm) was
nearly constant (0.5 to 2 mm = 2.88 m?/g and 0.063 to 0.5 mm =
2.67 m?/g). Compared to the silt-clay fraction, the SOMR had a lower
and more variable SSA (2.51 m?/g) and a substantially higher OC content.
It is thus unique compared to the other grain-size fractions analysed. The
larger errors for the SSA of the SOMR and the gravel fraction compared
to the sand and silt fraction can be explained by the inherent heterogeneity
of those samples.
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Fig. 1. Organic Carbon Content (OC) and Specific Surface Area (SSA) shown for each of the size fractions (mm).

The SSA of soil depends on both soil properties (e.g., OC content,
mineral composition) and on the sample preparation methods used
(e.g., degassing temperature and time) (Sokotowska, 2011). The SSAs mea-
sured in this study were in the same range as reported by other studies
(Niskanen and Méanthylahti, 1988; Yukselen and Kaya, 2006). Studies by
different authors found positive correlations between OC and SSA when
they used the Ethylene Glycol Monoethyl Ether method and water vapor
method to measure SSA (Arthur et al., 2023; De Jong, 1999). De Jong,
1999 could not confirm this positive correlation between OC and SSA,
when the BET-N, method was used and even found a negative correlation
between both soil parameters. An explanation for this trend is that soil or-
ganic matter may reduce the access of nitrogen molecules to the particle
surfaces, due to coating and clogging of micro- and macropores (Kaiser
et al., 1996; Pennell et al., 1995; Pignatello et al., 2006). This mechanism
could explain the low SSA values for the SOMR with comparable high OC
content found in this study.

3.2. PFAS concentration in soil

Nineteen out of the 40 analysed PFAS (Table S2), were detected at
concentrations above 2 ng/g in the bulk soil and these PFAS are included
in the subsequent discussion. These 19 PFAS (as PFASs;9) make up
99.8 % of the total PFAS found in the bulk soil, which is equivalent to
858 ng/g (Table S6).

3.2.1. Bulk soil

In the bulk soil PFOS was the dominate PFAS and was detected at a con-
centration of 513 ng/g (60 % of the PFASy4,), followed by 6:2 FTS (132 ng/
g, 15 % of the PFASy, o), PFHXS (58 ng/g, 7 % of the PFASy;9) and FOSA
(35 ng/g, 4 % of the PFASy;9). The concentration of the other 15 PFAS in
the bulk soil were between 24 ng/g (PFHxA) and 3 ng/g (10:2 FTS) (con-
tributing between 3 and 0.4 % of the PFASs, o, respectively). The PFAS con-
centrations and distributions in the bulk soil are in the same range as those
found at other highly contaminated sites. At the airport site in this study,
AFFF containing PFOS was used from 1989, and when PFOS was restricted
in Europe in 2009 (The Commission of the European Communities, 2009),
it was replaced with an AFFF product dominated by 6:2 FTS (Hgisater
et al., 2015). Different field studies from various airports in several

countries have reported PFOS and 6:2 FTS as the most abundant PFAS in
AFFF contaminated soil, where different chemical formulations of AFFF
have been used (Baduel et al., 2015; Braunig et al., 2019; Hale et al.,
2017; Langberg et al., 2019; Maizel et al., 2021; Nickerson et al., 2020).
These studies have also reported lower concentrations of PFCAs and PFAS
precursors such as Perfluorooctanesulfonamide (FOSA) in AFFF contami-
nated soils.

Hale et al. (2017) previously studied the same AFFF contaminated area
and found PFOS (6.4 to 2,400 ng/g) and 6:2 FTS (13 to 92.4 ng/g) to be the
two most abundant PFAS in soil samples taken from 21 different locations
and several different depths. Lower concentrations were found for PFPeA
(2.8 ng/g), PFHxS (3.0 to 25.3 ng/g), PFNA (2.8 to 41.3 ng/g), PFDA (2.6
to 72.1 ng/g), 8:2 FTS (3.8 to 116 ng/g) and PFOA (3.0 to 13.0 ng/g).
Baduel et al. (2015) analysed 15 soil samples (spatially distributed) taken
from a firefighting training pit where an AFFF was used until 2010 before
transitioning to a fluorine free foam. The study screened for in total 11
PFCAs, 4 PFSAs and 6:2 FTS. The authors found PFOS (resembling 83 %
of total mean PFAS, ranging from 79 to 223,983 ng/g) and PFHxS (3 % of
total mean PFAS, 115 to 4,391 ng/g) to be the two most abundant PFAS
in the soil. Both compounds have been found in the surface soil layer in
all sample locations. Lower concentrations were found for other PFCAs
(PFPeA, PFHxA, PFHpA, PFOA, PFNA, PFUnA, PFTriDA) and PFSAs
(PFBS, PFDS) in this study. Houtz et al. (2013) investigated soil and water
samples from an AFFF contaminated site reported that PFOS accounted
for approximately 77 % of the total PFAS content in the soil, fluorotelomer
based precursors (such as 6:2 FTS and 8:2 FTS) accounted for approxi-
mately 10 % and the sulfonamide based PFAA precursors (including
FOSA) accounted for approximately 5 % of the total PFAS in the soil.

3.2.2. PFASZ;4 in different soil size fractions

Fig. 2 shows the distribution of PFASs, 4 for the bulk soil and the differ-
ent size fractions. The bulk soil and all size fractions are dominated by PFOS
and 6:2 FTS, which together made up for 56.6 % (4 to 8 mm) to 78.5 %
(SOMR) of the PFASs ¢ concentration. Overall PFOS is the most abundant
PFAS in all size fractions, ranging from 50.7 % (4 to 8 mm) up to 69.3 %
of the PFASy;9 (2 to 4 mm).

The relative distribution of PFASs;4 on the different grain size fraction
in the bulk soil sample is presented in Table 1. PFASs;9 concentrations
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Fig. 2. Concentration of PFASZ,, for the bulk soil and the different size fractions.

decreased with increasing size fraction. The concentrations ranged from
1,855 ng/g for the silt and clay fraction (< 0.063 mm) down to 54 ng/g
for the gravel size fraction (4 to 8 mm). The SOMR had the highest
PFASs, o concentrations of 5,259 ng/g.

Table 1
PFASZ,4 in the bulk soil and the soil grain size fractions.

Soil grain PFASs19 [ng/g size PFASs19 [ng/g PFASy, in each size
size fraction] bulk soil] fraction [wt%]?

4 to 8 mm 53.5 0.9 0.1

2to4 mm 152.5 2.4 0.3

0.5 to 2 mm 421.9 98.2 11.4

0.063 to 0.5 mm 863.2 534.3 62.3

< 0.063 mm 1,854.7 212.5 24.7

SOMR 5,258.6 10.0 1.2

Sum 858.2 100

@ Values are calculated by dividing PFASs;¢ concentration in each size fraction
[ng/g] by the total PFASs, ¢ concentration in the bulk soil [858.2 ng/g].

Table S7 summarize the Cp,y for PFASy;o (including SE) for each
size fraction. For PFOS, the Cgy detected in the smallest size fraction
(< 0.063 mm, 1,027 ng/g) was approximately 40 times higher than for
the gravel size fraction (4 to 8 mm, 27 ng/g). For 6:2 FTS, the Cpyy in the
smallest size fraction < 0.063 mm (352 ng/g) was approximately 100
times higher than the gravel size fraction (4 to 8 mm, 3.2 ng/g). A similar
trend can be seen for PFOA where the Cp,y is approximately 15 times
higher for the silt and clay fraction (25 ng/g) compared to the gravel frac-
tion (4 to 8 mm, 1.6 ng/g).

Table 1 presents the proportion each size fraction contributed to the
total PFASy;9 [% and ng/g bulk soil]. The PFASyo in the gravel fraction
(4 to 8 mm) only represented 0.1 % of the PFASy;9 mass in the soil,
which means that this fraction could lend itself to being washed and then
reused most easily. The largest mass of PFASy; 4 is found in the fine sand
fraction (0.063 to 0.5 mm). Overall 62.3 % (534 ng/g bulk soil) of
PFASs, ¢ is associated with this fraction, while the PFASs,¢ concentration
in the silt and clay fraction (< 0.063 mm) accounted for 24.7 % (213 ng/
g bulk soil). The results presented here highlight the importance of
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understanding the sorption mechanisms at play for the different size frac-
tions as these will affect the efficiency of the soil washing process, as will
be discussed further below.

3.3. Partition coefficients (K4 values)

3.3.1. Bulk soil

The experimental K, values and standard errors (= SE) for the bulk soil,
based on the different size fractions, for all cases where PFAS were present
in the soil and water sample above the LOQ, are presented in Table 2.

Hale et al. (2017) used the same soil, though sampled from a different
location and reported a K4 value for PFOS of 8.8 L/kg which is similar to
the mean value found in this study (6.5 L/kg). Hgisater and Breedveld
(2022) carried out column experiments using the same soil as in the study
here to investigate the leaching potential of the soil. In their study, K4
values were calculated at assumed equilibrium (L/S = 0.1 and following
stagnant conditions for 3 days) and the values reported were in a similar
range for most of the PFAS considered here. Nguyen et al. (2020) carried
out batch tests with 10 different soils (air dried and sieved with a 0.5 mm
mesh) spiked with 29 PFAS. The OC content of two soils (S8 and S4),
which are most similar to the one tested in this study varied from 0.75 to
2.64 % and the silt and clay content were between 6 and 54 %. These K4
values (at soil pH) are lower than in this study, 3.22 and 4.18 for PFOS, re-
spectively, i.e. a factor of 2 lower (Table S8). A detailed comparison be-
tween the Ky values derived in this study and reported in the literature
can be found in the Supplementary Material (Table S8).

Differences in reported K4 values can have multiple explanations. PFAS
show nonlinear sorption isotherms and clear sorption dependency on soil
parameters (Barzen-Hanson et al., 2017), which make the comparison be-
tween Ky values from different studies difficult. Overall K, values derived
from field samples, i.e. in situ K4 values, are consistently larger than from
spiked laboratory studies (Li et al., 2018). This is consistent with the in
situ K4 values found in this study compared to spiked studies, such as the
one conducted by Nguyen et al. (2020). PFAS exhibit soil adsorption and
desorption hysteresis based on their chemical structure and soil character-
istics in play (Kookana et al., 2022; Xiao et al., 2019). Furthermore
Schaefer et al. (2021) witnessed in their batch tests with AFFF contami-
nated soil, that short-chain PFAS tend not to reach equilibrium conditions
even after 400 h of shaking time. The lack of equilibrium was attributed
to slow diffusion-based desorption processes for these compounds. A
study by Zhu et al. (2021) found that some PFAS can form non extractable
residues, due to strong covalent binding (and possibly ligand exchange)
as well as physical entrapment in meso- or macropores. The ongoing forma-
tion of these residues was reported in a study with a duration of 240 days,
which is far longer than the duration of most spiked PFAS studies (Higgins
and Richard, 2006; Nguyen et al., 2020). In addition to PFAS, soil from
firefighting training sites often exhibit elevated levels of other co-
contaminates like hydrocarbons and other surfactants, which will alter
the sorption behaviour of PFAS (Hgisater and Breedveld, 2022). In conclu-
sion, all these processes will lead to different K4 values based on the history
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of contamination and the experimental design of each study. The in situ K4
values obtained in this study provide a more accurate representation of
the soil washing process compared to spike studies, which typically
addresses historical soil contamination, including but not limited to PFAS
contamination.

3.3.2. Effect of PFAS functional group on K4 value

Higher Ky values were determined for PFSAs compared to PFCAs
with the same perfluorinated carbon chain length indicating stronger sorp-
tion to the soil. This is clearly visible for PFSAs with a chain length > C;
(Table 2). For a perfluorinated chain length of Cg, the K4 values increased
in the following order: PFCAs < PFSAs < FTS < FOSA. The higher
sorption of PFSAs compared to PFCAs has been reported by various authors
and can be explained by stronger interactions of the sulfonated headgroup
compared to the carboxylic headgroup with the soil surface (Higgins and
Richard, 2006; Li et al., 2018; Milinovic et al., 2015; Nguyen et al., 2020;
Zareitalabad et al., 2013). Rodowa et al. (2020) conducted column
experiments with AFFF contaminated groundwater using granular
activated carbon to study sorption behaviour. The retardation of PFAS
with the same perfluorinated carbon chain length increased in the order
PFCAs < PFSAs < FTS < FOSA and corresponds with the increase of K4
values in this study. There is very little data comparing telomeric
headgroups to perfluorinated headgroups; however, modelled K, values
for the neutral telomer Cg alcohol 6:2 FTOH telomer (CASRN 647-42-7)
are lower compared to the perfluorinated Cg alcohol pentafluorooctanol
(CASRN 307-30-2), indicating telomeric alcohol headgroups should have
a lower K, than perfluoralkylated alcohol headgroups (Table S9). The
larger sorption of the anionic 6:2 FTS than the anionic PFOS indicates
that the electron withdrawing effect of the neighbouring fluorines on
the sulfonate headgroup on PFOS may cause the sulfonate on PFOS to
have a stronger anionic charge than 6:2 FTS, increasing solubility and low-
ering Kq4. Of all the Cg PFAS investigated here (PFOS, PFOA, 6:2 FTS and
FOSA), FOSA showed the highest K4 value (65.8 L/kg, Table 2), probably
because at an environmentally relevant pK, value of approximately 6.2
(Rayne and Forest, 2009), the head group becomes partially neutral
which decreases water solubility and reduces electrostatic repulsion with
the mostly negatively charged soil surface and thus leading to enhanced
sorption (Nguyen et al., 2020; Rayne and Forest, 2009).

3.3.3. Effect of PFAS chain length on K4 value

Kq4 values for shorter chain PFCAs (< Cg) were similar ranging
from 0.15 to 1.20 L/kg (log —0.83 to log 0.08) for the bulk soil (Table 2).
For PFSAs (=< C;) the K4 values varied between 0.35 and 1.08 L/kg
(log —0.46 to log 0.03). The effect of chain length on K, values for the
PFCAs and PFSAs was previously reported by Heiseter and Breedveld
(2022) using samples from the same site. Nguyen et al. (2020) suggested
that sorption of shorter chain PFAS to soil is mainly driven by electrostatic
interaction of ionic groups with soil particles, rather than hydrophobic
bonding (chain length dependant). For the longer PFCAs, the longer
PFSAs and the FTS considered in this study, there was a significant

Table 2
Experimental K4 values (geometric mean *+ SE) for the bulk soil (PFASs;,).
PFCAs PFSAs FTS and FOSA
[C] log K4 [L/kg] Kq [L/kg] log K4 [L/kg] Ka [L/kg] log K4 [L/kg] Ka [L/kg]
4 PFBS —0.46 = 0.02 0.35 + 0.02
5 PFPeA —0.83 = 0.02 0.15 + 0.01 PFPeS —0.46 = 0.04 0.35 + 0.03
6 PFHxA 0.004 = 0.02 1.01 = 0.04 PFHxS —0.04 = 0.06 091 += 0.13
7 PFHpA —-0.12 = 0.06 0.75 = 0.11 PFHpS 0.03 = 0.08 1.08 = 0.20
8 PFOA 0.08 + 0.05 1.20 = 0.15 PFOS 0.81 = 0.08 6.51 + 1.12 6:2 FTS 1.26 = 0.11 18.08 + 5.16
FOSA 1.82 = 0.14 65.84 + 18.91
9 PFNA 0.39 = 0.11 2.47 += 0.67 PFENS 1.49 = 0.06 31.14 + 4.84
10 PFDA 1.34 = 0.09 21.98 = 4.89 PFDS 2.02 = 0.08 104.13 + 22.47 8:2 FTS 1.47 = 0.08 29.81 = 6.19
11 PFUnA 2.14 = 0.17 138.12 + 74.42
12 10:2 FTS 1.85 = 0.29 70.46 = 90.83
13 PFTriDA 1.40 = 0.24 25.21 *+ 19.66
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increasement in the Ky value with the chain length. The log K4 value in-
creased linearly by 0.88 for PFCAs, by 0.66 for PFSAs and by 0.15 for FTS
for each -CF, moiety (Fig. S7). Similar tendency has been reported previ-
ously (Higgins and Richard, 2006; Nguyen et al., 2020) and has been ex-
plained by the higher hydrophobicity, as chain length increases (Barzen-
Hanson et al., 2017; Nguyen et al., 2020). It should be noted that PFTriDA
(C13) isnot following this trend showing a smaller K4 value compared to the
shorter PFUNA (Cy ).

3.3.4. Effect of soil size fraction on K, values

The mean, experimental log K4 values (* SE) for each soil size fraction
are summarized in Table 3.

According to the obtained results, log K4 value and size fraction (except
for the SOMR) are inversely correlated, with the largest size fraction having
the smallest log Kg. This is also the size fraction with the lowest OC and silt
and clay content in this study (Fig. 1). In the case of PFNA (Co), the lowest
log K4 values (< LOQ to 0.07) were found for the gravel fractions (2 to 4 and
4 to 8 mm) and they increased for the sand fractions (0.063 to 0.5 and 0.5 to
2 mm) to values of 0.28 and 0.34. A similar trend can be seen for PFOS,
where the log K4 values were — 0.25 (4 to 8 mm) and — 0.07 (2 to
4 mm) for the gravel size fractions, increasing to 0.40 (0.5 to 2 mm) and
0.76 (0.063 to 0.5 mm) for the sand fractions. They increased further for
the silt and clay fraction (< 0.063 mm) where log K4 was 1.23, for the
SOMR log K4 was 2.07 and the highest log K value was calculated for the
floating SOMR (2.40 and 2.27 for PFOS and PFNA, respectively). This
trend indicates that an increase in Ky value for some PFAS can be linked
to soil parameters as OC content, which is decreasing with grain size
(Section 3.1).

To the best of the authors knowledge, there are no previous studies
where K4 has been calculated for PFAS for different soil size fractions. How-
ever, sieving is an often-used soil preparation technique (Milinovic et al.,
2015; Nguyen et al., 2020; Nickerson et al., 2020; Umeh et al., 2021) and

Table 3
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as such reported K, data is most often for soils that contain the finer and
not the coarser grains (e.g., gravel fraction, coarse sand fraction). As a com-
parison for finer grained soils, (Milinovic et al., 2015) determined K4 values
for PFOS, PFOA and PFBS for six different soils with varying textures (dif-
ferent sand and clay content) and OC contents (0.2 to 39 %). All soils
were taken from the top layer of natural or agricultural habitats. The re-
ported log Ky values ranged from 1.28 to 2.47 for PFOS, from 0.34 to
1.58 for PFOA and from —0.40 to 0.83 for PFBS. The highest K4 values
were found in a peat soil (OC content = 39 %). The reported K, values
are in the same range as the K4 values reported for the sand, silt, and clay
fraction and SOMR in this study. The Ky value for the floating SOMR
were between 0.5 and 1 log unit larger than for the SOMR manually re-
moved from the dry soil. For some of the shorter chain PFAS this increase
was smaller (PFBS, PFPeS, PFHxXA).

K, values were obtained by normalizing K4 values to the fraction of
OC in the grain size samples (Table 4). The log K, values for the differ-
ent PFAS ranged from 0.93 (PFHpA) to 4.01 (PFTriDA) for PFCAs, be-
tween 0.84 (PFOS) to 4.04 (PFDS) for PFSAs and between 1.96 (6:2
FTS) to 4.60 (10:2 FTS) for the FTS compounds. K,. values for the
bulk soil showed the same sorption trends regarding chain length and
functional group dependency. As for Ky, K, values were inversely corre-
lated with size fraction and the highest K. values were found for the silt
and clay fraction (< 0.063 mm) for most PFAS. For PFOS, the lowest log
Ko values were found for the gravel fraction (4 to 8 mm, log 0.84 L/kg),
and they increased by a factor of approximately 4 (log 3.28 L/kg) for
the silt and clay fraction (< 0.063 mm). The in situ K, values for the dif-
ferent size fractions in this study are in the same range as the values
compiled in the literature (Table 4), for both spiked (Campos Pereira
et al., 2018) and historical contaminated soils (Hgiseter and
Breedveld, 2022). Exceptions are the gravel size fractions (2 to 4 and
4 to 8 mm) and the coarse sand fraction (0.5 to 2 mm) which have
lower K, values for some PFAS, such as PFOS.

Mean log K4 values for each of the PFAS, ¢ according to size fraction. Hatched cells indicate PFAS concentration < LOQ in
soil and corresponding water samples for all three triplicates. (*) indicates triplicate samples where PFAS concentrations

were < LOQ in two of the triplicates.

4-8 2-4 0.5-2 0.063-0.5 <0.063 SOMR Floating

mm mm mm mm mm SOMR
—— - | || pEmes 1.79*
PEHxA (C6) 0.060.03 | -0.08%0.02 | 018001 | 127003 | 1.61£0.03
PFHpA (C7) 0.21% 0.11£0.06 | 027%0.07 | 0994005 | 1.51:0.18
SRR 0.02£0.18 | -0.36%0.11 | 004007 | 047002 | 146%0.03 | 2.09£0.04
= e 034021 | 028015 | 084003 | 164003 | 2.27£0.09
S 0.85$0.12 | 1374012 | 154007 | 266+0.13 | 3.47£0.08
PEURA (C11) 166+010 | 224021 | 183%0.10 | 2824003 | 3.380.25
PETHDA (C13) 172" 200° | 1904005 | 243012 | 295+0.33
e 043002 | 045%0.03 | 0342002 | 1.00:0.06 | 1.40+0.09
I —— -023* | 049$007 | 0232002 | 112005 1.20£0.20
S 0.31£0.06 | -0.09£0.09 | 027002 | 144003 | 1.76:0.18
PEHpS (C7) | | 0351011 | -007:0.11| 0521006 146" | 1.94+0.19
PFOS (C8) 025021 | -007+0.04 | 040%0.17 | 076010 | 123005 | 207+0.02| 240+0.29
SR e 071* | 1121004 | 1.55:000 | 161006 | 264+007 | 3.21£0.20
PEDS (C10) | 0942017 | 1692006 | 212:0.11| 1762006 | 2832000 | 3.39:0.17
62 FTS (C8) 0.86+0.10 | 0954020 | 1254022 | 17010 | 140%0.01 | 2.38+007 | 2.73:0.14
B 073+0.18 | 0444022 | 1.13%003 | 153011 | 1624003 | 2184008 | 3.080.13
w2etsczy | 148" | 1.99:0.20 268 | 2.32+001 | 255006 | 298+0.18
FOSA (C8) 0134026 | 038014 | 1442000 | 192015 | 173000 | 2654016 | 3544006 |

| ]
log -0.84 140 3.54
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Table 4

Science of the Total Environment 875 (2023) 162668

Mean log K, values for each of the PFAS; 9 according to size fraction. ? values taken from (Campos Pereira et al., 2018) and b from
(Hgiseter and Breedveld, 2022), na = not available. Hatched cells indicate PFAS concentration < LOQ in soil and corresponding

water samples for all three triplicates.

4-8 24 0.5-2 0.063-0.5 <0.063 SOMR Floating Values fr9m
mm mm mm mm mm SOMR | other studies
PFPeA (C5 2.16 £0.02 2.15* 1.372
PFHxA (C6 1.70 £0.21 1.83+0.03 | 1.84+0.02 | 2.23+0.01 1.63£0.03 | 1.97 +0.03 131,212
PFHpA (C7 1.83* 1.82+0.06 | 2.32+0.07 | 1.36£0.05 | 1.87£0.18 163, 2.12
PFOA (C8) 1.63+0.18 | 1.41£0.11 1.96 £+0.07 | 2.52+0.02 | 1.82+0.03 | 2.4510.04 1.89 to 3.5
PENA (CO 147 2114021 | 2212015 | 2.89+0.03 | 200£0.03 | 2.630.09 | 53610400
PEDA (C10 235" | 262012 | 3.29#0.12 | 3.59£0.07 | 3.02+0.13 | 3.83£0.08 2,960 4.6
PEURA (C11) 3.4340.10 | 4.16+021 | 3.8840.10 | 3.18+0.03 | 3.740.25 331t05.12
PETHDA (C13) 3.49* 4.01* | 3.95£0.05 | 2.79:0.12 | 3.3110.33
PFBS (C4 1.34+0.02 | 1.47+0.03 | 1.71+0.02 | 1.36+0.06 | 1.76 +0.09 1.22,1.79°
PFPeS (C5 1.54* | 1444007 | 1.82+0.02 | 1.48+0.05 | 1.56+0.20 na
PFhxS (C6 1.46+0.06 | 1.84+0.09 | 2.32+0.02 | 1.80+0.03 | 2.12+0.18 2.05t0 3.7
PFHDS (C7 1.42+0.11 1.85+0.11 | 2.57 +0.06 1.83* 2.3+0.19 na
PFOS (C8 1.54+0.04 | 2174017 | 2.69+0.10 | 3.28+0.05 | 2.43+0.02 | 2.77 +0.29 261t03.8
PFNS (C9) 2.32* | 2.89+#0.04 | 3.47£0.09 | 3.66+0.06 | 3.000.07 | 3.57 £0.20 na
PFDS (C10) 2554017 | 3.46+0.06 | 4.04+0.11 | 3.81£0.06 | 3.19£0.09 | 3.75£0.17 na
6:2 FTS (C8) 1.96£0.10 | 2.56+0.20 | 3.02£0.22 | 3.09+0.10 | 3.45:0.01 | 2.75+0.07 | 3.0920.14 1510 2.1°
8:2 FTS (C10 1.82+0.18 | 2.05%0.22 | 2.89:0.03 | 3.45:0.11 | 3.67:0.03 | 2.55:0.08 | 3.45:0.13 3110 3.6°
3.10* 3.76 £0.20 4.37 +0.01 2.91 £0.06 3.34 +0.18 na
FOSA (C8) 1.99#0.14 | 3.21:0.09 | 3.84%0.15 | 3.780.09 | 3.010.16 | 3.90 £0.06 42— 45
log 0.84 2.52 4.60

Unlike Ky, the log K, values for the longer chain PFCAs and PFSAs for
the SOMR are in a similar range as the fine and coarse sand fraction
(0.063 to 2 mm). The difference of K,. and K4 between size fractions for se-
lected PFAS are summarized in Table S10. The changes between the size
fractions (except for the SOMR) are higher for K. than for K4 values. On
the assumption that the nature and quality of OC found in the different
size fractions is similar due to its common origin, the differences in K,
values and the stronger increase between size fractions compared to the
derived K4 values, indicate that other soil parameters (e.g mineral composi-
tion) besides OC, influence PFAS sorption behaviour.

3.4. Effect of soil properties on sorption

Previous studies (Barzen-Hanson et al., 2017; Huang et al., 2022) have
shown that the interaction between PFAS and soils are complex and can be
governed by multiple soil properties and environmental conditions. To sta-
tistically evaluate the effect of soil parameters (OC content, mean grain size,
SSA, silt content and clay content) on PFAS sorption for the different size
fractions in this work, single linear regression (SLR) was conducted for K4
and K, values. The results for SLR correlating each of the log soil parame-
ters (SSA, silt and clay content, OC, IC, and mean grain size) with log K4
(Table S13 and Table S14) and log K, values (Table S15) are presented
in the supplementary material. When all soil fractions are included, the
SSA parameter is non-linear distributed. The other soil parameters used in
the linear regression were seen to strongly correlate with each other. All
calculated Pearson Correlation coefficients (PC) for all soil parameters
can be found in the Supplementary Material (Table S11 and Table S12).
OC content correlated (p-value < 0.01) with grain size (Pearson Correlation
(PC) = —0.978), IC (PC = 0.872), silt (PC = 0.997) and clay content
(PC = 0.974). Because OC was available for all size fractions, it was se-
lected as the independent parameter for the single linear regression with
K4 as dependant variable. The results of the SLR showed a positive correla-
tion between OC and Ky values (Fig. 3), which is in accordance with other

studies and supports the hypothesis that the main driving force for PFAS
sorption is favourable interactions of the PFAS with the OC (Campos
Pereira et al., 2018; Higgins and Richard, 2006; Nguyen et al., 2020) com-
pared to minerals or water.

A higher adjusted R%value and a higher t-value indicate a stronger
correlation and therefore stronger dependency between K4 and OC. For
the PFCAs, the adjusted R2-values ranged from 0.52 (PFTriDA) up to
0.89 (PFOA) and corresponding t-values ranged from 3.0 (PFTriDa) to
10.1 (PFOA). For the PFSAs, the adjusted R*-values ranged from 0.61
(PFDS) up to 0.96 (PFHxS and PFHpS) and correspond t-values ranged
from 4.7 (PFDS) up to 17.5 (PFHxS). For the FTS compounds the adjusted
RZ-values ranged from 0.37 (10:2 FTS) up to 0.75 (6:2 FTS) with t-values
ranging from 2.5 (10:2 FTS) to 7.2 (6:2 FTS). These results indicate that
the effect of OC on Ky value varied for different PFAS groups and carbon
chain lengths. The higher adjusted R*values and t-values for PFSAs com-
pared to PFCAs demonstrates the stronger correlation between K4 and OC
for PFSAs (Fig. 3). Other studies have also reported that K, values for
PFESAs show a stronger correlation to OC than PFCAs (Ahrens et al., 2010;
Campos Pereira et al., 2018; Zhang et al., 2013), indicating the sulfonate
group may be exhibit a greater affiliation with organic carbon. The FTS
compounds and FOSA showed a weaker correlation between K4 and OC
compared to the PFCAs and the PFSAs, which may indicate an even weaker
affiliation for these head groups with organic carbon (adj. R% 0.37-0.75),
this was observed in other studies with soil before (Barzen-Hanson et al.,
2017; Nguyen et al., 2020). Trends in the correlation of sorption to grain
size/OC with chain-length were also evident. PFUnA (C;,) had a lower ad-
justed R2-value (0.45) and t-value (3.2) compared to PFDA (C;, 0.87, re-
spectively 8.9). A similar trend can be seen for the PFSAs where the
adjusted R2-values and t-values peak at a chain length of Cg (0.96, 17.5)
and then decrease (PFDS, C;, adjusted R2-value 0.61, t-value 4.7). The ad-
justed R®-values calculated for the FTS compounds decrease with chain
length, with the lowest R%value of 0.37 for 10:2 FTS. Nguyen et al.
(2020) reported similar findings as they also carried out a single linear
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PFHXxA (C6) =0.77 PFBS (C4) =0.82 6:2FTS(C8) =0.75
40 PFHpA(C7)  =0.70 PFPeS (C5)  =0.84 8:2 FTS (C10) =0.70
35 | PFOA(C8) =0.89 PFHxS (C86) =0.96 10:2 FTS (C12) = 0.37
© 30 PFNA (C9) =0.88 PFHpS (C7) =0.96 FOSA (C8) =0.63
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Fig. 3. Adjusted determination coefficients (adj. R?) and t-values for the SLR model describing the regression of in situ K4 values with OC for PFASY,,. The statistical
significance in the regression includes: [*]: p < 0.05, [**]: p < 0.01. PFPeA is excluded due to a small sample size (n < 3).

regression between OC and Ky values (for 10 different soils). Their data in-
dicated a comparable trend for PFCAs and for PFSAs where the correlation
between OC and K4 increased up to a certain chain length. They found there
was no statistically significant correlation (p-value > 0.05) for very long
PFCAs (PFUnA) and PFSAs (PENS, PFDS) (Nguyen et al., 2020). Additional
studies have reported a dependency of chain length on sorption where, in
general, a longer chain length is attributed to an increase in PFAS hydro-
phobicity, leading to an increased interaction with soil OC (Campos
Pereira et al., 2018; Jeon et al., 2011; Liu et al., 2020; Milinovic et al.,
2015; Nguyen et al., 2020; Sorengard et al., 2019). Campos Pereira et al.
(2018) also reported a break down in this dependency at a chain length
of > Co. Ellis et al. (2004) used Fluorine-19 nuclear magnetic resonance
spectroscopy to analyse the intrinsic property change with perfluorinated
chain length for PFCAs and found a change in geometry and an increase
in molecular rigidity at a chain length between Cg to Cy. It is plausible
that the higher molecular rigidity could lead to steric hindrances for very
long-chain PFCAs and thus reduce sorption interaction with OC (Campos
Pereira et al., 2018; Nguyen et al., 2020).

In a second data analysis step a SLR was conducted for K, and the mean
grain size was selected to investigate a possible effect of the mineral compo-
sition of the soil. The variation in K, values between size fractions (Table 4)
indicated that besides interaction with soil organic matter additional sorp-
tion interactions occur due to other soil parameters (Gerstl, 1990). The re-
sults of the SLR showed a significant negative correlation between mean
grain size and K, values (Fig. 4). The t-values range from —2.7 (PFPeS

and PFHpA) down to —11.3 (PFHxS) indicating a negative slope of the
regression line, and hence a decrease of K, value with increasing grain
size. The results for the SLR using log SSA, log clay [%l], log silt [%] as inde-
pendent parameter show for SSA, silt content and clay content significant
positive correlations with K, values for different chain lengths and head
groups (Table S15). It should be noted that K, values of very long PFCAs
(> Cy0) do not significantly correlate with any independent parameter
used in this study.

Previously, the mineral composition of a soil fraction has been con-
nected to its size (Hillel, 2008). Larger size fractions, like gravel and sand
tend to have higher amounts of primary silicates especially the mineral
quartz, which mainly consists of silica (SiO,). Tang et al. (2010) showed
that for mineral surfaces like silica (SiO,), which are mostly negatively
charged under realistic environmental conditions, PFAS sorption is driven
by hydrophobic and electrostatic interactions. Whilst silt particles also
mainly consist of these primary minerals, they are often coated with
strongly adherent clay due to their larger SSA and this alters their physico-
chemical attributes. Clay particles show higher SSAs compared to bigger
size fractions and the particles are mostly negatively charged, leading to
unique sorption behaviour (Hillel, 2008). Furthermore, clay particles can
incorporate metalloxides between their silica sheets (Kumari and Mohan,
2021). With decreasing grain size, higher concentrations of secondary min-
erals (mainly clay minerals) were observed in the sample here through the
hydrometer analysis. Knight et al. (2019) predicted K4 values for PFOA
using a multi linear regression of soil parameters and a partial least squares
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Fig. 4. adj. R%values and t-values for the SLR model describing the regression of K, values with mean grain size. The statistical significance in the regression includes: [*]:
p < 0.05, [**]: p < 0.01. PFUnDA, PFTriDA was excluded as correlations were not significant (p value > 0.05). PFPeA is excluded due to a small sample size (n < 3).
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regression using infrared spectra of soil. Their results suggested that the
quartz content in the soil was inversely correlated with the sorption of
PFAS and positively correlated with silt and clay content. Furthermore, pre-
vious studies have shown that sorption to metal oxides via ionic and polar
electrostatic interactions contributes to PFAS sorption to soils (Hellsing
et al., 2016; Jeon et al., 2011; Tang et al., 2010). Previous studies focusing
on clays have reported ionic and polar electrostatic interactions (Jeon et al.,
2011), surface complexing and hydrogen-bonding (Zhao et al., 2014)
and possibly ligand exchange (Mukhopadhyay et al., 2021) as sorption
mechanism for PFAS.

Higher K, values with decreasing mean grain size found in this study
show that PFAS sorption are not exclusively limited to interactions with
OC, which is in line with the mentioned studies above. The stronger in-
crease in K, values between size fractions compared to the derived Kq4
values (Table S10), indicate that mineral size fractions, as for example
secondary minerals (mostly clays) and metalloxides contribute to
PFAS sorption through electrostatic dominated sorption mechanisms.
This hypothesis is strengthened by the results of the SLR (Table S15),
showing negative correlation between mean grain size and positive cor-
relations with clay content, silt content and SSA for K.

4. Implications for soil washing

Several European countries have defined thresholds for the reuse of
excavated and remediated soil. The Dutch ministry of infrastructure and
water management has defined reuse thresholds for soil in residential
areas for PFOA (7 pg/kg) and for other individual PFAS (including
PFOS at 3 pg/kg) (Ministerie van Infrastructuur en Waterstaat, 2021).
In Germany concentrations in leaching water for reused soil (based
on batch tests) have been defined for 7 PFAS. For unrestricted reuse
the threshold values are < 0.1 ng/mL for PFOS, PFHxS, PFOA,
< 6.0 ng/mL for PFHxA, PFBS, < 0.06 ng/mL for PFNA and < 10.0 ng/mL
for PFBA (Bieber et al., 2022). One remediation method that has shown
promise in reaching low threshold concentrations for coarse-grained as
well as fine-grained soils with high clay contents is soil washing
(Grimison et al., 2020).

Understanding the partitioning of PFAS between water and different
soil size fractions is essential to minimize residual PFAS concentration in
processed soil. The results of this study show that coarse-grained fractions
and fine-grained fractions must be well separated in the soil washing pro-
cess to minimize residual PFAS concentrations in soil. The gravel fraction
down to the fine sand fraction are the soil fractions which are typically
being reused (CDE Group, 2022; Quinnan et al., 2022). Lower K, values
for the sand and the gravel fractions compared to the smaller size fractions
indicate that coarser soils are more suitable for soil washing as a remedia-
tion technique for PFAS contamination. Fine grained silt and clay fractions
are often those that have the highest organic carbon content (OC), and
therefore the strongest sorption potential. Longer chain PFAS are those
that show increased sorption to OC. To ensure that low enough concentra-
tions are achieved to allow the reuse of this fraction, a large volume of
washing water may be needed.

It should also be noted that silt and clay (< 0.063 mm) particles tend to
stick to bigger size fractions due to their fine texture. To ensure low residual
PFAS concentrations in the sand and gravel fractions it is important to wash
these fine materials off. Regarding carbon chain length of PFAS, shorter
chain PFAS that have lower K, values are more easily washed out of soil
particles than longer chain PFAS, such as PFOS. It follows that a larger vol-
ume of washing water will be needed to achieve the same effect for longer
chain PFAS than shorter chain PFAS. In addition, surfactants can be used to
enhance the desorption of PFAS from the soil which results in an in-
creased accumulation in the washing water (Bolan et al., 2023). The
use of surfactants can therefore increase the efficiency of soil washing
especially for finer sized soils which are often characterized by high
K4 values. The exceptionally high concentrations found in the SOMR im-
plies that it is crucial to remove this fraction in the soil washing process,
potentially through surface skimming.
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5. Conclusion

The results of this study supported the hypothesis that PFAS sorption
is dependent on grain size, organic carbon content and chain-length of
the PFAS. Strong sorption of PFAS to SOMR, which was substantially
stronger than any other part of the soil, was reported for the first time.
Overall, the K4 values increased with decreasing grain size. For exam-
ple, the K4 value for PFOS for the silt and clay fraction (< 0.063 mm,
17.1 L/Kg, log K4 1.23) were approximately 30 times higher compared
to the biggest size fraction (gravel, 4 to 8 mm, 0.6 L/Kg, log
K4 — 0.25). The highest PFOS K4 value (116.6 L/Kg, log K4 2.07) was
found for the SOMR in the soil. Single linear regression (SLR) indicated
that the organic carbon (OC) content in the samples was primarily re-
sponsible for sorption. The mineral composition of the size fractions
represented by grain size, SSA and silt and clay content also influenced
sorption.

With increasingly stringent environmental quality standards regard-
ing PFAS (SCHEER (Scientific Committee on Health, 2022), there will
be increasing demand for PFAS remediation. In an ideal situation
PFAS contaminated soil could be clean enough to be reused, supporting
a circular economy and allowing the reuse of contaminated land and
soil. The different concentrations of PFAS found in different size frac-
tions in this study show the importance of understanding the sorption
mechanisms that dominate. The clear difference in behaviour of the
SOMR in comparison to the other soil fractions is crucial. The uptake
of various PFAS and accumulation by plants through pore water uptake
was shown in other studies for different crops (Felizeter et al., 2020;
Stahl et al., 2009). This mechanism of active root uptake, followed by
decay of those roots, could be an explanation for these high concentra-
tions in addition to high OC content, but future work would be needed
to investigate this hypothesis. Soil washing results in process water
that needs to be cleaned and reused to increase environmental sustain-
ability and economic feasibility of the soil washing process. In this
regard standard water treatment techniques like activated carbon filters
(Liu et al., 2019; Rodowa et al., 2020) for long-chain PFAS or even more
efficient novel treatment trains (Smith et al., 2022; Wanninayake, 2021)
can be used to lower PFAS concentrations in water. The soil used in this
study contained a considerable amount of silt and clay particles which
had a high organic matter content. This means that separating colloidal
soil particles from the washing water is important so that PFAS sorbed to
these fine particles are not reintroduced to the environment or back into
the soil washing process. Future studies should focus on coagulation,
flocculation, and sedimentation processes to remove colloids and
PFAS from the washing water. In addition, management options should
be considered for the PFAS that are concentrated into the sludge and
filtercake fraction, for later destructive treatment (e.g., thermal treat-
ment) or landfilling.
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