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Abstract: The spread of per- and polyfluoroalkyl substances (PFAS) in the environment
poses a severe threat to soil organisms, aquatic life, and human health. Many PFAS
compounds are mobile and easily transported from soils to groundwater and further to
surface waters. Leaching tests are valuable tools for assessing the site-specific leaching
behaviour of contaminants. Here, we report the results of an evaluation of two standardized
leaching tests for PFAS-contaminated soil materials: the batch test (ISO 21268-2:2019) using
either demineralized water or 1 mM CaCl2 as leachants (liquid-to-solid (L/S) ratio of 10)
and the up-flow percolation test (ISO 21268-3:2019) using 1 mM CaCl2 as leachant. One
field-contaminated soil and three spiked (12 PFAS compounds) soils (aged 5 months) were
included in the study. Desorption kinetics in the batch test were fast and equilibrium
was obtained for all PFAS compounds within 24 h, the prescribed equilibration time. The
same solubility was obtained for short-chain PFAS (PFBA, PFHxA, PFHpA, PFBS) in
demineralized water and 1 mM CaCl2, whereas significantly lower solubility was often
observed for long-chain PFAS in CaCl2 than in water, probably due to decreased charge
repulsion between soil surfaces and PFAS compounds. In the up-flow percolation test,
concentrations of short-chain PFAS in leachates decreased rapidly with increasing L/S,
in contrast to long-chain PFAS, where concentrations decreased gradually or remained
constant. Solid–solution partitioning coefficients (Kd), calculated from the data of the batch
and percolation tests (1 mM CaCl2), were generally in agreement, although differing by
more than three orders of magnitude between different PFAS compounds. Uncertainties
and pitfalls when calculating Kd values from leaching test data are also explored.

Keywords: PFCAs; PFSAs; desorption kinetics; equilibrium; Kd values

1. Introduction
Per- and polyfluorinated substances (PFAS) are a large, diverse group of chemicals

that are widely spread in soils, waters, and sediments across the globe [1–3]. Major
sources of PFAS include fire training areas with repeated use of aqueous film-forming foam
(AFFF) [2,4], landfills, and sewage treatment plants [5]. PFAS compounds are characterized
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by a C-F backbone and a functional (charged) headgroup such as carboxylate, sulfonate, or
amide, giving them exceptional surface-active properties and high chemical stability [6].
Due to their environmental persistence and apparent toxicity [7], the wide occurrence of
PFAS in the environment is of major concern. The mobility of PFAS in soils and sediments
varies significantly due to their chemical structure. It is now well established that the per-
fluorocarbon chain length in PFAS molecules, which reflects the intrinsic hydrophobicity,
is closely related to the overall sorption of the substance, i.e., sorption strength increases
with chain length [8–10]. In addition, the molecular charge might vary (negative, neutral,
cationic, or zwitterionic), which also affects mobility [10,11]. Besides chemical structure, the
mobility of individual PFAS compounds is also affected by soil and sediment properties.
In many studies, organic matter (measured as organic carbon, OC) has been found to
be an important sorbent for PFAS (e.g., [10,12]). The OC concentration alone seems to
be a better predictor of the solid–solution partitioning coefficients (Kd) for long-chained
PFAS compared to short-chained PFAS [13]. However, a recent study by Campos-Pereira
et al. [14] showed that OC alone was a poor predictor of the partitioning for six investigated
PFAS, except for FOSA, in a study including 11 mineral soils having a wide range of
expected key soil properties (OC, Al/Fe (hydr)oxides and texture). Other soil constituents,
like Al/Fe (hydr)oxides [15,16] and silicate minerals [17], which contribute to surface area
and charge, might also contribute significantly to the binding of PFAS in mineral soils.
Thus, the solubility of PFAS seems to be controlled by a complex interaction between
different soil constituents, in ways not yet fully understood. Consequently, there are yet
no validated geochemical models available to quantitatively predict the solubility of PFAS
in various types of soils [16], although experimental data indicate that PFAS solubility
can differ greatly between soils [14,18]. Thus, validated standardized practical tools are
essential in site-specific risk assessments of the mobility of PFAS in soils and groundwaters
at contaminated sites.

Various standard protocols have been developed to assess the potential leaching and
mobility of contaminants from soils, wastes, and other materials, e.g., the Australian Stan-
dard Leaching Procedure AS 4439.3 [19]; the US EPA’s leaching environmental assessment
framework (LEAF) methods 1311 [20], 1320 [21], and 1314 [22]; and the standards pub-
lished by the International Organization for Standardization, such as ISO 21268-2:2019 [23]
and ISO 21268-3:2019 [24]. Leaching tests are either performed in batch mode, where a
portion of the solid material is being equilibrated with a solution (leachant), or in column
mode, where leachant is added continuously to a column packed with the solid material
of interest. Batch leaching tests are simple and require short operational time, although
they may be subjected to experimental artefacts due to mechanical agitation, resulting in
enhanced release of particulate and colloidal associated contaminants (e.g., [25]). Column
leaching tests, or percolation tests, are more time-consuming but are expected to provide
leaching results that more closely mimic field situations. Standardised leaching tests have
so far mainly been applied and tested on inorganic contaminants [25,26]. However, in a
recent study, Kabiri et al. [27] evaluated three standardised leaching tests for PFAS—the
Australian Standard Leaching Procedure AS 4439.3 [19], the U.S. EPA Multiple Extraction
Procedure (Method 1320) [21], and the U.S. EPA Up-Flow Percolation Column Procedure
(Method 1314) [22]—to assess the leaching and desorption behaviour of PFAS in 12 con-
taminated soils. The three methods provided similar results for leaching behaviour and
accumulated leached amounts of PFAS. However, the focus of this comparison was to
evaluate the leaching tests with respect to long-term leaching potential, i.e., total leachable
amounts of PFAS.

Van Glubt et al. [28] compared batch and column methods for determining sorption of
PFOS and PFOA and calculating Kd values in two soils and one quartz sand. The experi-
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ments were performed with uncontaminated soil and the PFAS compounds were added
to both systems. An extensive data analysis of the results showed a good correspondence
between Kd values obtained with the two experimental approaches. This contrasts with
the results obtained in the study by Aly et al. [29], where Kd values obtained for PFOA and
PFOS in batch experiments were significantly lower than those obtained in column experi-
ments. A key issue when determining Kd values for contaminants in soils and sediments is
whether equilibrium between the solid and solution phases has been established or not. The
batch test ISO 21268-2 is “based on the assumption that equilibrium or near-equilibrium
is achieved between the liquid and solid phases during the test period”. Similarly, in the
up-flow percolation test ISO 21268-3, it is “intended and assumed that conditions approach
local equilibrium between the material and the leachant throughout the test”. Further, the
ion composition of the leachant is also a factor to consider when evaluating the leaching
behaviour of PFAS. Previous research has shown that high concentrations of divalent and
trivalent cations will favour the binding of PFAS [30,31]. In the batch test, ISO 21268-2 [23],
either deionized water or 0.001 M CaCl2 can be used, which might, dependent on choice,
affect PFAS solubility (and the Kd) obtained.

In this work, we evaluated the performance of the batch leaching test ISO 21268-2 [23]
and the up-flow percolation test ISO 21268-3 [24] to assess the solubility of PFAS in four
contaminated soils with diverse physico–chemical properties. Three of the soils were
spiked with a suite of twelve PFAS compounds followed by ageing, whereas the fourth soil
was obtained from an AFFF-impacted fire training site. The specific aims were as follows:
(1) to investigate the desorption kinetics of PFAS compounds in the batch test and evaluate
the assumption of equilibrium between liquid and solid phases during the specified test
period of 24 h, (2) to quantify the effect of leachant composition (deionized water and 1 mM
CaCl2) on the solubility of various PFAS compounds, and (3) to evaluate the applicability
of the batch and up-flow percolation tests in determining Kd values for PFAS compounds
in soils.

2. Materials and Methods
2.1. Chemicals

Twelve PFAS were included in this study: perfluorobutanoate (PFBA), perfluoro-
hexanoate (PFHxA), perfluoroheptanoate (PFHpA), perfluorooctanoate (PFOA), perflu-
orononanoate (PFNA), perfluorodecanoate (PFDA), perfluoroundecanoate (PFUnDA),
perfluorododecanoate (PFDoDA), perfluorobutane sulfonate (PFBS), perfluorohexane
sulfonate (PFHxS), perfluorooctane sulfonate (PFOS), and perfluorooctane sulfonamide
(FOSA). Analytical grade PFAS compounds (purities ≥ 98%) were purchased from Sigma
Aldrich (Saint Louis, MO, USA), and the associated isotopically labelled internal stan-
dards (purities > 98%) were obtained from Wellington Laboratories (Guelph, ON, USA).
All solvents that were used for extractions and analysis, including MeOH (LiChrosolv
hypergrade®, Merck, Darmstadt, Germany), were of analytical grade. Percolation and
batch tests were performed with either 1 mM CaCl2 solution (CaCl2-dihydrate, VWR
Chemicals AnalaR NORMAPUR) or Milli-Q water.

2.2. Soils

Four soils (Tables 1 and 2) were used in the evaluation of the up-flow percolation
test (column test) according to ISO 21268-3:2019 and the static leaching test (batch test)
according to ISO 21268-2:2019. The soils were collected in central Sweden (Västmanland
county), sieved < 2 mm, homogenized, and stored field-moist in darkness at +4 ◦C until
use. Paskalampa E (Soil 1) and Paskalampa Bs (Soil 2) are sandy loams both sampled from
the same Spodosol profile (approximate WGS84 coordinates: 59◦46′24.3′′ N 14 ◦58′12.8′′ E).
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The Arboga soil (Soil 3) is a clay soil sampled directly adjacent to an AFFF-impacted site
(approximate WGS84 coordinates: 59◦23′47.5′′ N 15◦50′30.4′′ E). The field-contaminated
Arboga soil (Soil 4) was collected in the AFFF-impacted area at the same site, with total
concentrations of PFOS and PFHxS of 63 and 6.0 µg kg–1, respectively (Table 3). Apart
from the PFAS spiking step (see below), all four soils were handled according to the same
analytical protocol (see below). All experiments were conducted with sieved (2 mm) soils
within 9 months of sampling.

Table 1. Soil samples and treatments.

Soil Site Soil Type/Horizon Treatment

1 Paskalampa Spodosol/E Spiking and aging
2 Paskalampa Spodosol/Bs Spiking and aging
3 Arboga Cambisol/A Spiking and aging
4 Arboga Cambisol/A None (field contaminated)

Table 2. Selected soil properties.

Soil TOC (%) a pH (H2O) b Feox
c

(mmol kg−1)
Alox − Alp

d

(mmol kg−1)
CEC e

(cmol+ kg–1) Sand f (%) Silt f

(%)
Clay f

(%)
Textural
Class

1 1.1 4.6 2.5 1.9 1.8 53 40 7 Sandy
loam

2 2.2 5.5 130 500 1.7 54 42 4 Sandy
loam

3 1.3 5.5 110 31 8.6 27 44 29 Clay
4 1.7 6.9 130 42 13 24 26 50 Clay

a Organic carbon content determined by combustion and detection by infrared spectrophotometry; b Determined
according to ISO 10390:2021 [32] at a liquid-to-soil ratio of 5 mL g−1 dw; c Oxalate-extractable iron (0.2 M
oxalate, pH 3.0); d Difference between oxalate-extractable aluminium (0.2 M oxalate, pH 3.0) and pyrophosphate-
extractable (0.1 M) aluminium; e Cation exchange capacity, determined with the hexaamminecobalt(III) chloride
(CoHex) method, with correction for organic matter absorbance; f Determined according to ISO 11277:2020 [33] by
laser diffraction.

Table 3. Mean total initial soil concentrations ± range (µg kg–1, n = 2). ND = not detected.

Soil Soil 1 Soil 2 Soil 3 Soil 4

Compound

PFBA 98 ± 68 109 ± 27 126 ± 71 ND
PFHxA 153 ± 23 145 ± 31 115 ± 43 ND
PFHpA 160 ± 81 103 ± 9.7 136 ± 10 ND
PFOA 521 ± 294 323 ± 22 452 ± 88 ND
PFNA 253 ± 89 166 ± 44 144 ± 17 4.1 ± 0.9
PFDA 297 ± 87 256 ± 66 187 ± 104 3.8 ± 3.3
PFUnDA 394 ± 140 295 ± 38 356 ± 214 ND
PFDoDA 293 ± 89 163 ± 121 259 ± 142 ND
PFBS 681 ± 431 415 ± 153 597 ± 331 ND
PFHxS 676 ± 427 405 ± 46 568 ± 122 6.0 ± 1.1
PFOS 631 ± 238 540 ± 72 678 ± 28 63 ± 8.1
FOSA 445 ± 120 316 ± 31 373 ± 78 ND

2.3. Spiking and Aging of Soils

The homogenized soils 1, 2, and 3 (2.8–4.5 kg field moist soil) were added to plas-
tic (HDPE) containers and spiked dropwise, with intermittent mixing, with a mix of
PFAS dissolved in MeOH. This yielded an average total soil concentration of ca. 130 and
290 µg kg–1 for short-chained and long-chained PFCAs, respectively, 580 µg kg–1 for PFSAs,
and 380 µg kg–1 for FOSA in each of the spiked soils (Table 3). The containers were sealed,
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and the soils were left to age for five months in darkness (+4 ◦C) before the start of the
experiments. On a few occasions during the time of ageing, the containers were shaken
by hand to mix the soil. Immediately before usage in the experiments, the material was
thoroughly mixed again in the containers.

2.4. Rinsing of Equipment

All larger-sized materials (bottles, centrifuge tubes, etc.) in contact with samples
or sample solutions were acid-washed (0.1 M HNO3, Nitric Acid 68%, Primar Plus™,
Fisher Chemical™, Fisher Scientific, Göteborg, Sweden) for 24 h and rinsed with Milli-Q
(Merck Millipore) water for a total of three times, followed by rinsing with methanol (GPR
RECTAPUR®, VWR International AB, Stockholm, Sweden) three times before use. The
only equipment in contact with samples or sample solutions that were excluded from
acid washing was the high-pressure silicone tubing (Advantasil High Pressure Silicone,
AdvantaPure, Southampton, PA, USA) used for connecting leachant tanks with the columns
and collection flasks—these were only rinsed with Milli-Q and methanol. After methanol
rinsing, the equipment was left to dry in a fume hood. Smaller equipment (Luer-connectors,
lids, and caps) was acid-washed as previously described and then sonicated in methanol
for 15 min with one solvent exchange.

2.5. Test Set-Up

The up-flow percolation test set-up consisted of soils packed in HDPE-flash columns
(330g PureFlash™ Empty Solid Load Cartridge, length 272 mm, i.d. 60 mm, Hawach
Scientific, Xi’an, China) connected at the outlet to an HDPE-collection bottle through high-
pressure silicone tubing (Advantasil High Pressure Silicone, AdvantaPure, Southampton,
PA, USA) via PP-luer tube connectors (Watson-Marlow, Falmouth, Cornwall, UK) (see
Figure S1 for experimental setup). The inlet of the column was connected to a peristaltic
pump (Gilson Minipuls 3), which was further connected to a 5 L HDPE bottle. Leachant and
collection bottles were made airtight by pushing the PP Luer-connectors through drilled
holes fitted with silicone septa in the bottle caps. To mitigate excessive oxidation of the
collected leachant, water locks were constructed on the collection bottles by creating a
second airtight Luer-connection and connecting it, through an N-shaped piece of tubing,
to the end of an empty 50 mL-plastic syringe filled with Milli-Q water. In this way,
the headspace of the collection vessel was never in direct contact with the surrounding
atmosphere, and this set-up also prevented excessive pressure build-up in the collection
bottle during the execution of the percolation test.

All batch tests were performed in 250 mL Nalgene centrifuge bottles (Nalgene™ PPCO
Centrifuge Bottles with Sealing Closure, Nalge Nunc International Corporation, Rochester,
NY, USA), and sample solutions were stored in 15 mL centrifuge tubes (Corning™ Polypropy-
lene Centrifuge Tubes, Sterile, Corning, NY, USA), all rinsed as previously described.

2.6. Up-Flow Percolation Test (ISO 21268-3:2019)

Columns were packed in triplicates for each soil according to the procedure outlined
in ISO 21268-3:2019 [24]. Each column was weighed empty, after which a 1-cm layer of
natural quartz sand (Ottawa sand, 20–30 mesh, Fisher Scientific, Göteborg, Sweden—acid
washed and methanol-rinsed 3 times) was introduced. Soil was then packed in sections of
3 cm, where each section was introduced in sub-layers of 1 cm. The packing of each section
was made by a rammer with a brass rod, brass weight (180 g), and a bottom plate consisting
of a HDPE cylinder (diameter 5.8 cm). The weight of the rammer was allowed to fall
(drop height approx. 25 cm) on the cylinder bottom 3 times for each soil section. Sections
were introduced and packed to a final average bed height of 18.5 cm after which another
1 cm layer of quartz sand was introduced. The bed height was somewhat lower than that
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stipulated in ISO 21268-3:2019 (30 ± 5 cm). However, the bed dimensions in the standard
are set such that plug-flow can be achieved through the column during the test. Annex B
of ISO 21268-3:2019 states that plug-flow can be assumed when the length of the bed is
3–4 times the diameter of the bed under prescribed flow rates. These requirements were
met with our set-up. The weights of quartz sand at the top and bottom of each column and
the weight of the soil were registered for all triplicates (average dry weight (dw)): Soil 1;
563 g, Soil 2; 412 g, Soil 3; 482 g, Soil 4; 246 g). Due to the high clay content in Soil 4 (50%,
Table 2), the soil had to be mixed with an aliquot of quartz sand to increase permeability
and prevent clogging. This was carried out by a thorough manual homogenisation with
a large stainless-steel spoon such that the final proportion of Soil 4 in each column after
packing was 38% dw.

Columns were saturated with an average flow rate of 17 mL/h. The direction of
the flow was from the bottom to the top. When leachant was visible in the top tube of
the column outlet, the peristaltic pumps were stopped, and clamps were put in place to
close the inlet tube at the bottom. Columns were then allowed to equilibrate for 24 h
before the start of the test, which is in line with the recommendations in ISO 21268-3:2019
(16–72 h) [24].

Samples were collected from the column tests at cumulative L/S-ratios of 0.1, 2, 5,
and 10. This procedure is a slight modification compared to the procedure outlined in
ISO 21268-3:2019 [24], where eluate fractions also should be sampled at accumulated L/S
of 0.2, 0.5, and 1.0. For the soil mixed with quartz sand (Soil 4), L/S were adjusted to
correspond to the weight of the soil (L per kg soil). The aimed flow rate throughout the
percolation tests was 17 mL/h, corresponding to a linear flow rate of 14.4 cm d−1, which is
in line with recommended flow rates in ISO 21268-3:2019 (15 ± 2 cm d−1) [24]. However,
over time, the tubing in the peristaltic pump became worn, and flow rates fluctuated
somewhat, which made regular monitoring of flow rates and daily adjustments of the pump
settings necessary. Collected eluates were centrifuged in 50 mL high-speed centrifuge tubes
(Nalgene™ Oak Ridge High-Speed PPCO Centrifuge Tubes, Nalge Nunc International
Corporation, Rochester, NY, USA) and centrifuged at 20,000× g for 30 min (Sigma 6K15,
Sigma Laborzentrifugen GmbH, Osterode am Harz, Germany). The supernatant was then
transferred with Pasteur pipettes (pre-combusted at 450 ◦C for 2 h) to 15 mL PP-tubes
(Corning™ Polypropylene Centrifuge Tubes, Sterile, Corning, NY, USA) and stored cold
(+4 ◦C) until analysis of PFAS. Within 24 h of each sampling event, an unfiltered aliquot of
the centrifuged sample was also analyzed for pH (Hach Lange HQ440d Multi, Hach Lange
GmbH, Düsseldorf, Germany) and conductivity (CDM210 Conductivity Meter, Radiometer
Copenhagen, Brønshøj, Denmark).

2.7. Batch Test ISO 21268-2:2019

According to the procedure described in ISO 21268-2:2019 [23], either a solution of
1 mM CaCl2 or demineralized water can be used as a leachant. To investigate the effect of
leachant on PFAS solubility, both leachants were tested at the standardized liquid-to-solid
ratio (10 L/kg) and equilibration time (24 h). In addition, we investigated the solubility
of PFAS as a function of equilibration time (1, 8, 24, 48, 96, and 240 h) using 1 mM CaCl2
as leachant. All experiments were made in triplicate. In all tests, the amount of soil
corresponding to 20 g dry weight was weighed into 250 mL Nalgene centrifuge bottles,
followed by an addition of leachant corresponding to a total volume of 200 mL. According to
the standard test protocol, 100 ± 5 g dw of soil and 1000 mL leachant are recommended [23].
The reduction in sample size and leachant volume was made for practical reasons and might
have affected the variability of test results to some extent. However, in a majority of research
studies on PFAS sorption by soil materials using batch tests, small sample amounts (0.5–5 g)
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have been used with acceptable variability [10–12,14,18,30,34]. No addition of quartz sand
to Soil 4 was needed in these tests. Following the addition of leachant, bottles were
sealed and shaken vigorously before being placed on the end-over-end shaker (Gerhardt
Laboshake, Gerhardt GmbH, Königswinter, Germany) with a rotational speed of 10 rpm,
which is within the range specified in the standard protocol (5–10 rpm). At each designated
sampling time, bottles were removed from the shaker and centrifuged at 20,000× g for
30 min, after which an aliquot of the supernatant was transferred with a Pasteur pipette to
a 15 mL PP-tube (Corning) and stored cold (+4 ◦C) until analysis of PFAS. One portion of
each sample was filtered through 0.45 µm syringe filters (Sartorius Minisart hydrophilic
regenerated cellulose filter) for analysis of supporting parameters (DOC, Al, Si, Fe, Na, K,
Ca, Mg, Mn, Cl−, SO4

2−). The remaining solution was analyzed for pH and conductivity,
as described above. Dissolved organic carbon (DOC) was determined by combustion and
detection by infrared spectrophotometry (EN 1484:1997) [35], cations and Si by ICP-OES
according to ISO 11885:2007 [36], and anions (Cl− and SO4

2−) by ion chromatography
according to ISO 10304-1:2007 [37].

In parallel with the batch tests, four blanks (two deionized water and two 1 mM CaCl2)
without any soil were run for each series of experiments. Altogether, twelve blanks were
run, six per leachant. The average concentrations of PFAS compounds in all the twelve
blanks were less than the limits of quantification, except for PFBS, which was not detected in
any blank, and PFOS, which had an average blank concentration of 0.016 µg L−1 (Table S1).

2.8. PFAS Analysis

PFAS concentrations in eluates were quantified using ultrahigh-performance liquid
chromatography (UPLC) [14]. In brief, 5 ng of each of the mass-labelled internal standards
(ISs) was added to sample aliquots (500 µL aqueous sample) prior to vortexing and fil-
tration (0.45 µm, Sartorius Minisart hydrophilic regenerated cellulose filter [38,39]. PFAS
concentrations were measured using IS isotope dilution with direct injection into a Dionex
UltiMate 3000 ultrahigh-performance liquid chromatography system (Thermo Fisher Sci-
entific, Waltham, MA, USA) coupled to a triple-quadrupole tandem mass spectrometer
(MS/MS) (TSQ Quantiva, Thermo Fisher Scientific, Waltham, MA, USA). The ionization
source was electrospray ionization (ESI), which was operating in a negative mode. The
injected volume (10 µL) was separated on an Acquity UPLC BEH-C18 analytical column
(1.7 µm, 50 mm, Waters Corporation, Manchester, UK) using an eluent gradient of 12 min.
Mobile phases were Milli-Q water and 5 mM ammonium acetate with 2% (v/v) acetonitrile.
Aqueous limits of quantification (LoQ) ranged from 0.01 to 0.1 µg L−1 (Table S2), as defined
as the lowest calibration point for which the response factor did not deviate more than
±30% from the average response factor of the calibration curve [40].

The analytical scheme for PFAS in soil materials followed the method by Ahrens et al. [41],
which is based on a two-step alkaline extraction procedure. In short, 0.1 g of freeze-dried
soil was extracted with a mixture of 0.1 M NaOH in 20% Milli-Q water and 80% methanol
in two subsequent steps. The supernatants were pooled and neutralized with HCl and
centrifuged at 3000 rpm for 5 min. A portion of pooled supernatants was reduced in
volume in a gentle stream of N2-gas and further cleaned by adding ENVI-Carb and glacial
acetic acid. Following vortexing and centrifugation, the supernatants were analyzed for
PFAS using UPLC, as described above. The method detection limit (MDL) for the analytical
procedure for each compound was set to the lowest calibration point of the calibration
curve with relative residuals < 15 %. If target compounds were detected in the method
blanks, the MDL was set to the average concentration of the blanks plus three times
the standard deviation of the blanks [42]. Except for PFHxA (42 µg kg−1), MDLs were
≤6 µg kg−1 (Table S2).
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2.9. Data Analysis
2.9.1. Calculations
Batch Test

Mass PFAS released per mass soil is given by:

Me = Ce × L/S (1)

where
Me = mass of PFAS in eluate per mass dw soil (µg kg−1)
Ce = concentration of PFAS in eluate (µg L−1)
L/S = liquid-to-solid ratio (L kg−1)
Solid–solution partitioning coefficient (Kd) is defined as:

Kd =
Cs

Ce
(2)

where Cs is the solid-phase concentration after leaching (µg kg−1), which is given by the
mass balance:

Cs = Cs,initial − Me (3)

and Cs,initial denotes the initial concentration of PFAS in the soil (µg kg−1).

Percolation Test

The cumulative mass release of PFAS per mass of soil (dw) as a function of L/S was
calculated as follows:

ΣMe,i =
4

∑
i=1

[Ce,i × (ΣL/Si− ΣL/Si−1)] (4)

where
ΣMe,i = the cumulative mass of PFAS released through interval i per mass dw soil

(µg kg−1)
Ce,i = the concentration of PFAS in the eluate collected during the interval i (µg L−1)
ΣL/Si = the cumulative L/S of eluate collected through the interval i (L kg−1)
ΣL/Si−1 = the cumulative L/S of eluate collected through the interval i − 1 (L kg−1)
In order to calculate the solid–solution partitioning coefficient (Kd,i) for PFAS com-

pounds at a certain L/S interval, we relate the concentration in eluate i (Ce,i) to the average
concentration of the solid phase in the interval i − 1 to i (C∗

s,i) according to:

Kd,i =
C*

s,i

Ce,i
. (5)

Here, C∗
s,i is given by:

C*
s,i = Cs,i−1 −

1
2
× ΣMe,i (6)

Thus, we assume a linear leaching behaviour in the L/S interval of interest. In the
first eluate at L/S 0.1 (i = 1), Cs,i−1 is equivalent to the initial concentration of PFAS in the
sample (µg kg−1).
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2.9.2. Modelling Leaching Behaviour of PFAS in Percolation Tests

To evaluate the leaching behaviour of PFAS in the percolation test, reference simula-
tions were made using the basic advection–dispersion model. For one-dimensional (1-D)
flow in a homogenous, isotropic porous media, the following equation holds [43–45]:

R
∂C
∂t

= D
∂2C
∂x2 − v

∂C
∂x

(7)

where C is the solute concentration, t is time, x is the distance in the flow direction, D is
the longitudinal dispersion coefficient, ν is the average fluid velocity through the porous
media, and R is the retardation factor, as defined as follows:

R = 1 + Kd
ρ

ε
(8)

Here, Kd is the partitioning coefficient between the solid and aqueous phase, ρ is the
dry bulk density, and ε the porosity of the porous medium. This model is based on the
assumption that local equilibrium exists between the liquid and solid phases, defined by
Kd. Röhler et al. [46] showed that percolation test data for PFOS and PFOA in a German
agricultural soil could be reasonably well described with the advection–dispersion model,
lending some support for this approach.

In this work, we used the advection–dispersion model for illustrative purposes and
to evaluate the magnitude of uncertainties introduced by the assumptions made when
calculating Kd from percolation test data using Equation (5). The initial and boundary
conditions, as well as all input data used in the calculations, are given in the Supplementary
Materials Section.

3. Results and Discussion
3.1. Desorption Kinetics of PFAS in Batch Test ISO 21268-2:2019

The four soils included in the study represent a wide variation in soil properties known
to be important for PFAS sorption. Organic matter, measured as organic carbon (OC), is
generally an important sorbent for PFAS in many soils [12,13,30], although other soil con-
stituents like Fe and Al (hydr)oxides and clay minerals might contribute to sorption [18,34].
Soil 1 was low in OC and clay, as well as Fe and Al (hydr)oxides (Table 2). The latter
is indicated by the low concentrations of oxalate extractable Fe and the small difference
between oxalate and pyrophosphate extractable Al [47]. Soil 2 also had a low clay content,
but was higher in OC and much higher in Fe and Al (hydr)oxides. The two soils from
Arboga (Soil 3 and 4), both had a high clay content, but were intermediate in terms of OC
and the content of Fe and Al (hydr)oxides.

Desorption kinetics were generally fast for all twelve PFAS compounds investigated in
the batch test (Figure 1, Table S2), despite the variability in soil properties between the soils.
All twelve compounds are perfluorinated and are generally considered extremely resistant
to environmental and metabolic degradation [48]. It is therefore highly unlikely that any
significant degradation and/or conversion of individual compounds had occurred during
the experimental period (1–240 h). For most PFAS compounds, eluate concentrations
remained constant already after one hour of equilibration. For the most hydrophobic
long-chain PFAS, PFUnDA and PFDoDA, there was a trend of decreasing concentration
with time in the spiked clay soil (Soil 3), although the difference between 24 h and 240 h
equilibration time was only significant for PFDoDA (Table S5). A decreasing trend in
concentration with time cannot be explained by constrained desorption kinetics. Possibly,
this could be an artefact due to physical abrasion at longer equilibration times, which might
increase the surface area of soil particles. Notably, the desorption kinetics of PFHxS and
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PFOS in the field-contaminated Arboga soil (Soil 4) was similar to the spiked and aged
counterpart (Soil 3), indicating that the spiking and ageing procedure used provided field-
realistic data. Reports on the desorption kinetics of PFAS compounds in batch experiments
with soil materials are surprisingly scarce in the literature. To date, most studies have been
made on adsorption kinetics by soils, sediments, and various sorbents. In an early study,
Higgins and Luthy [30] found that it took up to eight days to reach equilibrium for PFOS
and PFDA added to sediment materials. In a later study, equilibrium was attained after less
than 18 h for PFOS, PFOA, and PFDA in a study with loam soil [11], which is in line with
the rapid desorption kinetics that was found in the present study. In addition, sorption
studies with PFOS and individual soil constituents like goethite and kaolinite showed that
equilibrium was attained within 24 h [15]. Furthermore, in a study with a peat material,
Zhi and Liu [49] found that desorption kinetics for PFOS and PFOA were comparable with
adsorption kinetics.
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3.2. Comparing Deionized Water and 1 mM CaCl2 as Leachants in Batch Tests

Following the procedure in ISO 21268-2:2019 [23], either deionized water or 1 mM
CaCl2 can be used as a leachant (duration 24 h). As illustrated in Figure 2, there was no
significant difference in PFAS leaching between the two leachants for short-chain PFAS with
perfluorinated carbon chains ≤ 6. For PFAS with longer chain lengths, eluate concentrations
were generally significantly higher in deionized water than in 1 mM CaCl2. Previous
studies have shown that deionized water as a leachant might mobilize colloids to a higher
extent than 1 mM CaCl2 [25], which potentially could mobilize longer-chained PFAS [50].
Increased colloidal mobilization in deionized water was observed in the clay soils (Soil 3 and
4), but not in the Spodosol samples (Soil 1 and 2), as indicated by measured concentrations
of DOC, Al, Si, and Fe in the eluates (Table S4). Since the leachant effect was consistent
for all soils, differences in solubility of longer-chained PFAS due to colloidal mobilization
can be ruled out. Instead, there is evidence that both pH and the concentration of di-
or trivalent cations influence PFAS solubility [30,31]. Adding di- or trivalent cations or
lowering pH resulted in increased sorption of PFAS, which was explained by a decrease
in the net negative charge of the soil particles [30,31]. Hence, the increased sorption of
the long-chained PFAS in 1 mM CaCl2 compared to deionized water found in the present
study was probably an effect of a decreased (negative) surface charge due to the binding
of added Ca2+. The stronger effect observed for long-chained PFAS is consistent with the
stronger contribution of electrostatic interactions between the electronegative fluorines of
the tail part of the molecules and the soil particles [51,52]. A similar effect of chain length
has previously been observed for the pH-dependent sorption of PFAS by mineral soil
materials, where the effect of pH was much more pronounced for long-chain PFAS than for
short-chain PFAS [14]. The explanation given above of the leachant-dependent behaviour
of PFAS is valid for negatively charged PFAS compounds, i.e., all the investigated PFAS,
except FOSA, which has a pH-dependent charge within the pH range of the present study
(3.5–6.5). The pKa of FOSA has been estimated to be 6.24 [53], i.e., FOSA will mainly exist
as a neutral molecule below this pH and as a negatively charged molecule above this pH.
This might explain the lower solubility of FOSA found in deionized water compared to
that in 1 mM CaCl2 for the Arboga soil since the pH was lower in the former leachant (4.7)
than in the latter (6.4) (Table S3).

3.3. Up-Flow Percolation Test ISO 21268-3

The leaching behaviour differed markedly between different PFAS compounds and
varied between the different soils (Figures 3 and S3). The concentrations of short-chained
PFAS, such as PFBA, PFHxA, PFHpA, and PFBS, decreased rapidly between L/S 0.1 and
2. For these four compounds, more than 92, 87, 76, and 82%, respectively, of the total
mass leached at L/S 10 was already leached at L/S 2. In comparison, the corresponding
amount of PFOS leached at L/S 2 ranged between 29 and 38% for the four samples.
The rapid decline in concentrations of short-chain PFAS in column leaching tests is in
accordance with what has been found in other studies [27,54,55], which is consistent
with low Kd values that have been found for these compounds [8,10,31]. In Figure 4, the
leaching behaviour of compounds with different Kd values is illustrated using the one-
dimensional advection–dispersion model, assuming local equilibrium in columns. These
simulations indicate that concentrations in eluates would approach zero at L/S 10 for
Kd = 5 L kg−1 or less. Simulations also showed that concentration in eluates is expected
to be constant up to L/S 10 for Kd > ~15 L kg−1. Thus, the general leaching behaviour
of PFAS compounds observed in the percolation test is consistent with what could be
expected from the modelling outcome, with less strong concentration dependency with
L/S for more strongly adsorbed PFAS, such as PFOS (except Soil 1), PFDA, PFNA, PFUnDA,
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and PFDoDA (Figures 3 and S3). However, the slight increase in PFOS concentration at
L/S 0.1–2 for the two Arboga soils (Soils 3 and 4) cannot be explained with equilibrium
chemistry. Notably, the two soils behaved similarly, although one of them was field-
contaminated and mixed with quartz sand (38 wt% soil) prior to leaching, and the other
was laboratory-spiked and leached without mixing of quartz sand. Both soils were clay
soils, with the field-contaminated soil being slightly higher in clay (50%) than the laboratory-
spiked soil (29%). A similar increase in the concentration of PFOS in the second eluate
fraction was observed by Høisæter and Breedveld [54] in an up-flow percolation test with
two Norwegian sandy soils. The phenomenon is hard to explain, but could possibly be
related to some initial disturbance caused by sample pretreatment and packing of columns,
which could be more critical for some soils than others. However, the general interpretation
of data was not affected by this phenomenon in our study.
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As illustrated in Figure 5a, the cumulative amount of PFAS in the soils that leached at
L/S 10 decreased with increasing perfluorinated chain length, whereas PFAS with a chain
length ≤ 6 were leached almost completely. The unexpectedly low leached fraction of PFBS
in Soil 1 (60%) was probably caused by an overestimate of the initial soil concentration. This
is supported by the uncertainties shown in Table 3 for the analysis of soil concentrations
of PFAS, which sometimes were high. For PFBS in Soil 1, the range was 63% of the
average value. Values >100% are obviously erroneous and can also be ascribed to analytical
uncertainties [56]. For less mobile PFAS with leached fractions less than ~50%, the up-
flow percolation test and batch test leached approximately the same amount of PFAS
at L/S 10. However, for compounds with higher mobility, more PFAS was leached in
the percolation test (Figure 5b). This behaviour is consistent with behaviour based on
equilibrium chemistry, as illustrated by modelled leached fractions in the percolation test
and calculated theoretical eluate concentrations in the batch test (Table 4). In the percolation
test, fresh solution is continuously pumped through the column, whereas in the batch test,
the leched amount is governed by equilibrium solid–solution partitioning at L/S 10. As
a result, the continuous leaching will have a greater impact on the low-Kd compounds as
compared to the ones with high Kd values. In contrast to the results obtained in our study,
Kalbe et al. [55] found that the batch test released more shorter-chain PFAS than in the
percolation test in a study comparing the leaching of PFAS from four field contaminated
soils. The higher release in the batch test in that study was ascribed to artefacts related to
the agitation step, such as colloidal mobilisation and possible friction between soil particles.

Table 4. Theoretically leached fractions of PFAS in the batch test at L/S 10 and percolation test at
L/S 0–10. Values for the batch test were obtained using Equations (1)–(3), and the fraction of PFAS
leached in the percolation test was obtained by the 1D advection–dispersion model (Supplementary
Materials Section).

Kd
Batch (L/S 10)
(%)

Percolation (L/S 0–10)
(%)

1 91 100
5 67 100
10 50 86
20 33 49
50 17 20
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3.4. Determining Solid–Solution Partitioning (Kd) of PFAS in Percolation and Batch Tests

All calculated Kd values are summarised in Table 5, and a comparison between Kd

values obtained in the up-flow percolation test (1 mM CaCl2) and the batch test (1 mM
CaCl2) is given in Figure 6. The PFAS included in the study represented a wide range of Kd

values, spanning more than three orders of magnitude (<1–2800). Log Kd values increased
linearly with perfluoroalkyl chain length for PFCAs C6–C11 (Figure S4) and PFSAs C4, C6,
and C8 (Figure S5), indicating that van der Waals effects, such as hydrophobic interactions,
governed their overall partitioning. In contrast, for short-chained PFAS, there was no
evident relationship between chain length and log Kd values, which suggests that other
types of interactions (e.g., ion exchange) may be relatively more important for the retention
of these compounds [8,13].
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Table 5. Average Kd values ± one standard deviation (n = 3) calculated for each eluate fraction (L/S: 0–0.1, 0.1–2, 2–5 and 5–10) in the percolation test (ISO 21268-3)
and the eluate at L/S 10 in the batch test (ISO 21268-2). “<0” indicates a negative calculated mass balance for the solid-phase concentration; “<LoQ” indicates a value
in the eluate less than the limit of quantification. Figures in bold indicate uncertain values due to error propagation as a result of likely overestimated total initial soil
concentrations of PFAS (see text for explanation).

Soil L/S
(L kg−1) PFBA PFHxA PFHpA PFOA PFNA PFDA PFUnDA PFDoDA PFBS PFHxS PFOS FOSA

Soil 1 0–0.1 0.25 ± 0.09 0.40 ± 0.16 0.64 ± 0.25 1.6 ± 0.5 6.5 ± 1.6 51.7 ± 20.3 368 ± 154 729 ± 306 0.77 ± 0.21 1.6 ± 0.5 12.3 ± 3.8 1826 ± 1065
0.1–2 1.6 ± 0.7 2.0 ± 1.3 3.6 ± 2.6 7.4 ± 4.8 26.8 ± 11.1 112 ± 21 479 ± 108 1314 ± 771 3.5 ± 1.5 8.0 ± 6.4 52.2 ± 11.9 765 ± 324
2–5 10.7 ± 11.5 11.5 ± 5.8 12.1 ± 3.1 13.4 ± 7.9 41.7 ± 30.0 167 ± 79 672 ± 146 3149 ± 1055 30.3 ± 20.2 13.7 ± 4.0 80.8 ± 48.6 854 ± 553
5–10 <LoQ 29.7 ± 7.2 32.4 ± 14.5 20.5 ± 3.7 32.8 ± 17.9 164 ± 115 1037 ± 81 <LoQ 110 ± 48 23.9 ± 4.6 82.8 ± 58.1 715 ± 180
Batch (10) 2.5 ± 2.2 2.3 ± 0.6 8.5 ± 2.5 11.5 ± 1.7 16.1 ± 2.7 54.2 ± 4.4 219 ± 33 952 ± 392 5.0 ± 0.9 12.4 ± 1.2 31.3 ± 8.0 256 ± 77

Soil 2 0–0.1 0.61 ± 0.07 0.84 ± 0.06 1.8 ± 0.2 6.8 ± 0.9 50.1 ± 13.3 395 ± 161 3468 ± 1140 <LoQ 0.89 ± 0.04 3.1 ± 0.3 95.6 ± 21.6 <LoQ
0.1–2 <0 1.0 ± 0.2 1.70.2 8.7 ± 0.7 76.7 ± 7.6 761 ± 187 2647 ± 802 <LoQ 1.0 ± 0.1 3.9 ± 0.2 136 ± 14 <LoQ
2–5 <LoQ <0 <0 10.2 ± 1.1 106 ± 12 1466 ± 588 <LoQ <LoQ <0 2.7 ± 0.5 228 ± 34 <LoQ
5–10 <LoQ <0 <0 7.1 ± 1.5 103 ± 9 721 ± 203 <LoQ <LoQ <0 <0 210 ± 32 <LoQ
Batch (10) <0 1.6 ± 0.6 2.4 ± 0.3 8.8 ± 0.3 56.8 ± 19.0 423 ± 126 1423 ± 247 2792 ± 1884 <0 3.4 ± 1.8 143 ± 41.3 645 ± 202

Soil 3 0–0.1 0.19 ± 0.00 0.20 ± 0.00 0.46 ± 0.03 1.3 ± 0.1 5.0 ± 0.2 48.7 ± 15.6 892 ± 217 1589 ± 93 0.44 ± 0.07 0.84 ± 0.1 17.7 ± 1.3 <LoQ
0.1–2 1.4 ± 0.4 0.83 ± 0.23 1.3 ± 0.1 1.2 ± 0.1 2.8 ± 0.2 20.2 ± 2.7 178 ± 39 752 ± 92 1.9 ± 0.3 <0 10.7 ± 1.7 1587
2–5 39.8 ± 37.6 <0 <0 <0 <0 18.8 ± 1.6 179 ± 7 725 ± 284 66.8 ± 24.4 <0 12.3 ± 0.5 1011
5–10 <LoQ <0 <0 <0 <0 16.7 ± 1.5 138 ± 25 384 ± 78 288 ± 133 <0 11.2 ± 0.5 393
Batch (10) 14.2 ± 4.1 3.2 ± 0.2 5.3 ± 1.0 1.8 ± 1.3 2.5 ± 1.3 18.6 ± 0.5 67.3 ± 12.2 109 ± 31 6.3 ± 2.4 1.2 ± 1.2 15.8 ± 0.7 94.9 ± 23.2

Soil 4 0–0.1 - - - - - - - - - 0.68 ± 0.1 23.8 ± 5.4 -
0.1–2 - - - - - - - - - 1.3 ± 0.2 10.2 ± 1.5 -
2–5 - - - - - - - - - 5.5 ± 3.0 17.8 ± 2.7 -
5–10 - - - - - - - - - <0 33.0 ± 2.8 -
Batch (10) - - - - - - - - - <0 21.6 ± 9.4 -
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Figure 6. Relationships between Kd values obtained using the percolation test ISO 21268-3:2019 at
four different L/S (0–0.1, 0.1–2, 2–5, and 5–10 L kg–1) and the batch test ISO 21268-2:2019 at L/S 10
(L kg–1). Both tests were conducted with 1 mM CaCl2. The solid line represents a 1:1 relationship. All
data are given in Table 5.

In general, there was good correspondence between the Kd values obtained from the
two leaching tests (Figure 6 and Table 5). One trend observed was that lower Kd values were
obtained from the up-flow percolation test than from the batch test for short-chain PFAS
with Kd < 1 (percolation test). Since this phenomenon was restricted to short-chain PFAS, it
is unlikely that it could be related to a longer duration for equilibrium adjustment due to the
pre-equilibration time (24 h). More likely, it was due to overestimation of the concentration
of PFAS in the first eluate (L/S 0–0.1). As shown by Liu et al. [57], using model simulations
of initial concentration profiles in the up-flow percolation test, the concentration of very
soluble compounds with Kd < 1, will be enriched in the top of the column caused by the
upward movement of these compounds during the initial water saturation of the column.
Hence, for PFAS compounds with Kd < 1, the batch test would, at least in theory, give
more accurate estimates of Kd for these compounds. However, care must be taken when
interpreting Kd data for weakly adsorbing compounds in batch experiments due to the low
adsorbed concentrations. Assuming a linear adsorption isotherm (Kd), and equilibrium
conditions, the fraction of PFAS sorbed by soil particles is given as follows:

Cs

Cs,initial
=

Kd
L
S + Kd

(9)

where Cs is the sorbed concentration (µg kg−1) at equilibrium and Cs,initial is the initial
concentration of PFAS in the soil (µg kg−1) (see Equation (3)). According to Equation (9), a
Kd value of 10 will give a fraction of sorbed PFAS of 0.5 at L/S 10. The corresponding figure
for Kd = 1 is 0.09 and for Kd = 0.5, only 0.05. Hence, for PFAS with low Kd values, a low
L/S is recommended when assessing Kd values in batch tests, e.g., ISO 21268-1:2019 [58],
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where L/S 2 is used, or U.S. EPA Method 1316 [59], where a range of L/S in the interval 0.5
to 10 is used.

In the column test, the accuracy of Kd calculations is affected by uncertainties in the
mass balance calculations of sorbed PFAS concentrations in each leaching step. However,
one advantage of this test procedure is that a wide range of L/S is obtained in one test run.
As illustrated in Figure 6, fewer data are being reported for PFAS compounds with low Kd

values at L/S > 2, either because eluate concentrations were less than LoQ, or mass balance
calculations resulted in negative solid-phase concentrations (Table 5). Another potential
source of error in Kd calculations is caused by overestimating the initial soil concentration
of PFAS. This will particularly affect the group of PFAS with high mobility (≤C6), where a
large fraction of the initial concentration (amount) will be leached during the test. In such
a situation, the sorbed concentration (or rather the concentration resident in the column)
obtained from mass balance calculation will asymptotically reach a value that is equal to the
difference between the analytically determined (too high) value and the true value. At the
same time, the concentration in the eluate will gradually decrease and approach the LoQ.
As a result, the calculated Kd values will become increasingly overestimated with increasing
L/S. Values judged to be substantially affected by this source of error are indicated in bold
in Table 4 and are excluded from Figure 6. Notably, the variation observed in calculated
average Kd values reported in Table 5 is mainly due to uncertainties in measured individual
eluate concentrations of PFAS, since the same (average) soil concentration was used as
input in calculations of the individual Kd values (Equation (6)).

As shown in the kinetic batch test, desorption kinetics was fast for all the investigated
PFAS compounds and equilibrium was attained within 24 h (Figure 1). Based on the
generally good agreement between the Kd values derived from batch test and percolation
test data (Figure 6 and Table 5), it is reasonable to assume that local equilibrium also
was attained in the percolation test columns. As a reference, the calculated contact time
in columns ranged between 12 h (L/S 2–5 and 5–10) and 25 h (L/S 0–0.1), assuming a
porosity of 40% [54]. The assumption of local equilibrium in percolation tests, at standard
conditions, is also supported by results obtained by Röhler et al. [46], who successfully
fitted percolation test data for PFOA and PFOS with an advection–dispersion model based
on local equilibrium.

In calculating Kd values from the percolation test data, we assumed that the eluate
concentration of PFAS in one L/S interval could be related to the average total concentration
of PFAS in the columns (as an estimate of the average concentration of sorbed PFAS) in
that interval, according to Equation (5). To test this assumption, we performed model
simulations of hypothetical up-flow percolation test experiments using the advection–
dispersion model for different Kd values and L/S intervals. The output data from these
simulations were used in a subsequent step as input to Equation (5) to calculate model-
generated Kd values. A comparison between the Kd values used as input in the simulations
and the calculated Kd values is shown in Table 6. Only data for Kd > 1 are being reported,
because the initial condition adopted (constant concentration of PFAS with depth in column)
is not valid for compounds with Kd < 1 [57]. In general, the modelling exercise gives support
to the assumptions made in Equation (5) to calculate Kd values from percolation test data.
For the first two leached fractions (0–0.1 and 0.1–2), the calculated Kd values corresponded
well with the “real” Kd values for all the examined Kd values. For strongly sorbing PFAS
(Kd ≥ 50), this was true for all leached fractions, which can be explained by constant eluate
concentrations (Figure 4) and relatively small changes in the concentration of PFAS in
the column.
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Table 6. Kd values calculated from output data obtained with the advection–dispersion model using
Equation (5). See the Supplementary Materials Section for model parameters and assumptions.

Kd Used as Input in Simulations

L/S 1 5 10 15 20 30 50

0–0.1 1.2 5.2 10 15 20 30 50
0.1–2 1.0 4.2 9.2 14 19 29 49
2–5 1.3 2.5 6.8 12 17 27 47

5–10 - 2.6 4.3 8.1 13 23 43

4. Conclusions
For all four soils investigated, our results showed that equilibrium conditions were

achieved in both the batch test ISO 21268-2:2019 [23] and in the up-flow percolation test
ISO 21268-3:2019 [24], at conditions specified in the two standard protocols. The PFAS
compounds included in this study represented compounds with solid–solution partitioning
coefficients (Kd) covering a range of more than three orders of magnitude.

In the batch test ISO 21268-2:2019, either deionized water or 1 mM CaCl2 can be used
as a leachant. Both leachants provided the same solubility for short-chain PFAS with a
perfluorinated carbon chain ≤ 6. For PFAS with longer chain length, 1 mM CaCl2 resulted
in a slightly lower solubility, probably due to charge neutralization by Ca2+ binding to soil
particles. Hence, in risk assessments, deionized water might be preferred for conservative
estimates of PFAS solubility. However, 1 mM CaCl2 probably gives the most field-relevant
estimate of PFAS solubility. Notably, leaching tests in general give information on solid–
solution partitioning of PFAS, i.e., the mobility at saturated conditions. At unsaturated
conditions, sorption to the air–water interface might also contribute to the retention of
PFAS (e.g., Ref. [60])

Calculation of Kd values for PFAS from batch leaching data is straightforward and
has been made in numerous published studies (e.g., [10,12,30,31]). In contrast, there is
no established procedure to calculate Kd values from percolation test data. The approach
proposed in this work is supported both by the generally good correspondence with Kd

values calculated from batch test data and by a theoretical evaluation using dynamic mod-
elling. However, for very soluble PFAS with Kd < 1, the up-flow percolation test is probably
not suitable for calculating Kd values due to erroneously high estimates of the concentra-
tions in the initial eluate and the rapid depletion of these compounds in the column. We
recommend Kd calculation using the proposed methodology to be included as part of a
standard evaluation of data obtained from up-flow percolation tests. This will provide
information on possible changes in solubility (Kd) with the degree of leaching, which would
be of importance when forecasting future leaching behaviour in risk assessments of PFAS
leaching and transport.

In standard risk assessment protocols, the batch leaching test is expected to be the most
commonly used method for site-specific risk assessments of PFAS leaching. To accurately
estimate Kd values using this method, the L/S must be adapted to the expected Kd values
of the compounds and samples of interest. For weakly adsorbing compounds (Kd < 1),
an L/S of 2 or lower is recommended.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/environments12060179/s1, Description of the modelling
using the one-dimensional advection-dispersion model; Figure S1: Experimental setup of the up-flow
percolation test; Figure S2: Comparison of batch tests with 1 mM CaCl2 and deionized water as
leachates; Figure S3: Concentration of PFAS in eluates obtained in the percolation test at different
L/S, as compared to eluate concentrations obtained in the batch test at L/S 10; Figure S4: Calculated

https://www.mdpi.com/article/10.3390/environments12060179/s1


Environments 2025, 12, 179 20 of 23

Kd values for perfluorinated carboxylic acids as a function of perfluoroalkyl chain length using
batch test and percolation test data; Figure S5: Calculated Kd values for perfluorinated sulfonates
(and FOSA) as a function of perfluoroalkyl chain length using batch test and percolation test data;
Table S1: Average and standard deviation of blank batch tests made with deionized water and 1 mM
CaCl2; Table S2: The level of quantification (LoQ) for PFAS in eluates and method detection limit
(MDL) for PFAS in soils; Table S3: Average pH, conductivity and PFAS concentrations in batch test
eluates; Table S4: Average concentration of DOC and major ions in batch test eluates (24 h); Table S5:
Calculated mean differences (24 h–240 h) of PFAS concentrations in the kinetic batch test; Table S6:
Average pH, conductivity and PFAS concentrations in percolation test eluates.
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