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• Two novel electrokinetic remediation
setups
were
tested
for
PFAScontaminated soil.
• The two-compartment setup resulted in
∑
89% of
PFASs accumulation to the
anode.
• The single compartment setup resulted
∑
in 75% of PFASs removal on GAC.
• Perfluorocarbon chain length affects
treatment efficiency for both tested
setups.
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Uncontrolled use and disposal of per- and polyfluoroalkyl substances (PFASs) in recent decades has resulted in
extensive soil and groundwater contamination, necessitating counteraction. Electrokinetic remediation (EKR)
offers a promising approach to in-situ soil remediation. Two novel modifications to conventional EKR were tested
for the first time in a laboratory-scale study, to explore the capacity of EKR for PFAS removal. The first modi
fication was a two-compartment setup designed for PFAS extraction from soil to an electrolyte-filled chamber.
The second was a single-compartment setup designed to transport and confine contaminants in a chamber filled
with granular activated carbon (GAC), thus, combining extraction with stabilisation. Electromigration varied for
individual compounds, based mainly on perfluorocarbon chain length and functional group. The results indicated
∑
up to 89% concentration and extraction of PFASs for the two-compartment setup, with removal efficiency
reaching 99% for individual PFASs with C ≤ 6. Removed PFASs were concentrated adjacent to the anode at the
anion exchange membrane, while short-chain compounds were extracted in the anolyte. The single-compartment
∑
setup achieved 75% extraction and accumulation of PFASs in GAC. This demonstrates, for the first time, good
effectiveness of coupling EKR with AC stabilisation for PFAS removal from soil. Perfluorocarbon chain length was
a dominant factor affecting treatment efficiency in both setups, with very high removal rates for short-chain
PFASs.
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2009a), and therefore enhance their potential for electromigration. The
second setup tested was a single-compartment setup that coupled elec
trokinetic transport with sorption of PFASs onto granular activated
carbon (GAC), thus inducing a catch and trap effect without the use of an
electrolyte. Electrokinetic remediation has been coupled with various
permeable reactive barriers in previous studies (Nasiri et al., 2020;
Huang et al., 2015, 2019), but to our knowledge this study was the first
to investigate coupling electrokinetics with pH control and GAC for
PFAS removal from soil.

1. Introduction
Per- and polyfluoroalkyl substances (PFASs) possess unique nonstick and waterproof properties that have long been utilised in a vari
ety of consumer products and industrial applications, such as aqueous
film-forming foams (AFFF) for firefighting (Baduel et al., 2017; Dauchy
et al., 2017). Over the past few decades, PFAS disposal was uncon
trolled, resulting in ubiquitous environmental contamination (Ahrens,
2011). With mounting evidence of health risks associated with PFASs,
especially perfluoroalkyl carboxylic- (PFCAs) and sulfonic acids (PFSAs)
(Agency for Toxic Substances and Disease Registry ATSDR, 2021; Pelch
et al., 2019; Knutsen et al., 2018), and progressively more regulatory
actions being promulgated (Hu et al., 2016; Simon et al., 2019), viable
treatment techniques for contaminated environmental media (soil,
groundwater) are needed. Remediation of contaminated soils is of
paramount importance, since they are major pollution reservoirs from
which PFASs can leach into aquifers, eventually compromising drinking
water sources (Brusseau et al., 2020).
An increasing variety of treatment approaches for PFAScontaminated soils are described in the literature. A recent review by
Ross et al. (2019) highlighted stabilisation techniques, i.e. containment
of contaminants within soil through the use of fixation agents such as
activated carbons, as the most mature ones (Ross et al., 2018). Extrac
tion techniques, which instead aim to remove contaminants from the
soil, have largely unexplored potential, particularly in the case of PFAS
contamination (Sörengård et al., 2019). Electrokinetic remediation
(EKR) is a concentration and extraction technique based on the principle
that, under the effect of a direct current and low-intensity electric field,
charged contaminants will transport towards the electrode of opposite
charge (Acar et al., 1995). Transport of the contaminants can conse
quently result in reduction of the plume size to a confined volume or
their eventual extraction from the contaminated media. The technique
has several reported advantages over other remediation methods, such
as good potential for in-situ application, low cost, and good ability to
treat low-permeability soils with a high clay content and heterogeneous
conditions (Virkutyte et al., 2002; Reddy and Chinthamreddy, 1999;
Reddy, 2010). In EKR, mobilisation of contaminants in a porous medium
is induced mainly via two mechanisms: electromigration and electro
osmosis. Electromigration refers to transportation of contaminants due
to an electric field, with cations and anions moving towards the cathode
and anode, respectively. Due to their low acid dissociation constant
(pKa) values, PFASs such as PFCAs and PFSAs are typically ionic and
specifically anionic under environmental conditions (Ahrens et al.,
2012) and can therefore be expected to be transported towards the
positively charged anode. Electroosmosis, or electroosmotic flow (EOF),
refers to the viscous drag of water particles resulting from the electric
field and is typically directed towards the cathode in a negatively
charged soil matrix. There can also be minor transport mechanisms at
play in EKR, including electrophoresis (i.e. bulk transport of soil parti
cles) and diffusion due to concentration gradients, but these factors can
be considered insignificant compared with electroosmosis and electro
migration (Baraud et al., 1997). To date, EKR has mainly been applied
for removal of inorganic species from soils (Jensen et al., 2007) and
studies for the technology’s applications for PFASs are limited. In a
previous study, we demonstrated that a conventional electrokinetic
setup can successfully result in transport of PFASs within a soil column
(Sörengård et al., 2019). However, more studies on removal of PFASs
using EKR are needed to understand its true potential.
In the present study, we evaluated the effectiveness of two novel EKR
setups for removal of PFASs from soil. The first modification was a twocompartment setup designed for extraction of PFASs from soil to an
electrolyte-filled chamber. This system allows free movement of hy
droxide ions (OH− ) (created at the cathode) into the soil to raise the pH,
thus favouring mobilisation of PFASs (Du et al., 2014). Elevated pH can
also affect the ionic state of certain PFASs such as perfluorooctane sul
fonamide (FOSA), which has a pKa value of 6.2–6.5 (Rayne and Forest,

2. Experimental methods
2.1. Soil sampling and preparation
Two field soils and one artificial soil were used in the experiments.
Field soil was sampled at two locations in Sweden (55◦ 43′ 24.39′′ N,
13◦ 28′ 40.88′′ E (field soil I) and 59◦ 39′ 43.00477′′ N, 17◦ 56′ 11.08658′′ E
(field soil II)). Both sites were adjacent to airports contaminated by
PFAS-containing AFFF. After collection, all samples were stored airtight
in darkness at 4 ◦ C. Before use, soil lumps were broken down with
mortar and pestle, and sieved through a 2 mm sieve and homogenised by
end-over-end shaking for 24 h. Artificial soil was used as a control in one
experiment. It was prepared in consonance with OECD guidelines (75%
quartz sand, 20% kaolinite clay, 5% peat OECD, 1984) and then 10%
∑
was spiked with PFASs to a final concentration of 0.06 mg kg− 1, i.e.
the peat and 5% of the kaolinite clay were spiked with 15 individual
PFASs at a starting concentration of 0.6 mg kg− 1, to investigate com
pounds of interest that were not present in the natural field soils
(Table 1). The spiked peat and clay were aged for six months prior to the
experiments and mixed with the sand and remaining clay for 24 h
immediately before the experiments. Before packing the electrokinetic
cells with soil, the artificial soil was wet to its water-holding capacity
(WHC = 21–35% w/w) to attain saturated conditions. The electrical
conductivity of reference soils was used to reflect the ion concentrations
(full information on soil characteristics, including electrical conductiv
ity, can be found in Tables S1, S2, S3 and S4 in Supporting Information
(SI)).
2.2. Electrokinetic remediation setups
Bench-scale experiments were conducted in cylindrical Plexiglass
columns. The soil compartment had a length of 10 cm and a diameter of
8 cm, while the electrolyte and GAC compartment had a length of 5 cm
and the same diameter. The distance between the two electrodes, which
corresponds to the migration distance, was 13 cm. Direct current (DC)
was constantly applied with a power supply (Hewlett Packard E3612A)
through carbon rod electrodes (L = 8.5 cm, d = 0.6 cm, surface area =
34.3 cm2) (SAGITTA, art. No. 84613, Sweden), keeping current constant
and having varying voltage. The voltage between the electrodes was
monitored throughout the experiments with a multimeter (Uni-T,
UT132C Multimeter, Art. No. 48446, China). Electric potential and
measured values of other operating parameters are shown in Figs. S1-6
in SI.
2.2.1. Two-compartment EKR
In the two-compartment setup, the goal was to transport PFASs to
wards the cathode and extract them from soil to the anolyte (Fig. 1). The
cathode was inserted in the soil compartment and the anode was
inserted in the electrolyte compartment. Hydroxide ions (OH− ) created
at the cathode form an alkaline front of higher pH that can move through
the soil column towards the positively charged anode, assisting PFAS
desorption and removal, since high pH is correlated with higher leach
ability of PFASs in soils (Campos Pereira et al., 2018). Rehydration of the
soil column was achieved by intrusion of the electrolyte through EOF. A
chamber filled with electrolyte (sodium nitrate (NaNO3), 0.01 M, VWR,
≥99.5% purity) was attached to the soil chamber, separated from the
2
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soil with a selective anion exchange membrane (AEM) (SUEZ, art. No.
AR204SZRA, MKIII, France). The electrolyte was recirculated with a
peristaltic pump at a flowrate of 1.8 L h− 1. In total, three 21-day ex
periments were conducted with this setup (experiments A to C), at
different current densities and with different soils (two contaminated
field soils and an artificial soil spiked with a PFAS mixture) (Table 1). On
completion of the experiments, the soil was sliced into 9–10 pieces
longitudinally and soil PFAS concentrations were analysed. In experi
ment C, the concentrations were also measured in the AEM and the
anolyte, for the purposes of mass balance analysis. Two different current
densities were tested (0.19 and 0.39 mA cm− 2), to determine whether
higher current density leads to faster ion movement as previously sug
gested (Hansen et al., 1999). The electric potential varied throughout
the experiments, while the current was kept constant.
2.2.2. Single-compartment EKR coupled with GAC
In the single-compartment setup, the anode was inserted directly into
the soil, while the cathode was immersed in a chamber of granular
activated carbon (GAC) (Filtrasorb 400, 0.55–0.75 mm, bituminous
coal). The main aim of this setup (experiment D) was to combine
transport of PFASs with their immobilisation on GAC and determine
whether GAC can successfully entrap PFASs under the effect of the
electric field. The setup was tested using a current density of 0.19 mA
cm− 2. One of the limitations of EKR is maintenance of saturated con
ditions for the duration of treatment, since its function depends on the
presence of pore fluid (Acar et al., 1995). Therefore, a secondary goal
with the single-compartment approach was to estimate the longevity of
an electrokinetic setup by letting it operate for as long as possible (91
days) without the use of an electrolyte. After treatment, soil and GAC
were sliced into 12 pieces (nine pieces of soil, three pieces of GAC) and
the PFAS concentrations in each slice were analysed.

Fig. 1. Schematic representation of A) the two-compartment electrokinetic
remediation (EKR) setup (AEM = anion exchange membrane) and B) the singlecompartment EKR setup (GAC = granulated activated carbon), showing elec
trode reactions and transport vectors for per- and polyfluoroalkyl substances
(PFASs), electroosmotic flow (EOF) and the alkaline front.

and water samples were analysed after centrifugation and filtration as
described previously (Ahrens et al., 2009). In brief, freeze-dried soil
samples (~2 g) were extracted twice using methanol and the final
aliquot was concentrated through N2 blowdown and filtered through a
0.45 μm recycled cellulose (RC) filter. In experiment B (two-compart
ment, spiked soil), ion exchange membranes and the electrolyte were
also analysed. The extraction procedure for membranes was the same as
for soil samples, while the electrolyte samples were injected directly into
the analytical instrument after addition of methanol and filtration. PFAS
concentrations were quantified using ultra-high performance liquid
chromatography
coupled
to
tandem
mass
spectroscopy
(UHPLC-MS/MS) (Quantiva TSQ; Thermo Fisher Scientific, USA), as
described elsewhere (Reddy, 2010). For data evaluation, TraceFinder
4.1 was used.

2.3. Analytical standards
The target PFASs were: C3–C11 PFCAs (PFBA, PFPeA, PFHxA, PFHpA,
PFOA, PFNA, PFDA, PFUnDA, PFDoDA), C4, C6 and C8 PFSAs (PFBS,
PFHxS, PFOS), 6:2, 8:2 and 10:2 fluorotelomer sulfonic acids (FTSAs), C8
perfluorooctane sulfonamides (FOSA, MeFOSA, EtFOSA), C8 per
fluorooctane sulfonamide ethanols (FOSEs) (MeFOSE, EtFOSE), and C8
perfluorooctane sulfonamidoacetic acids (FOSAAs) (FOSAA, MeFOSAA,
EtFOSAA). The PFASs used for soil spiking (Experiment C) were: PFBA,
PFPeA, PFHxA, PFHpA, PFOA, PFNA, PFDA, PFUnDA, PFDoDA, PFBS,
PFHxS, PFOS, 8:2 FTSA, 6:2 FTSA, FOSA. In addition, 16 isotopically
labelled internal standards (ISs) (13C4-PFBA, 13C2-PFHxA, 13C4-PFOA,
13
C5-PFNA, 13C2-PFDA, 13C2-PFUnDA, 13C2-PFDoDA, 18O2-PFHxS, 13C4PFOS and 13C8-FOSA, D3-MeFOSA, D5-EtFOSA, D7-MeFOSE, D9-EtFOSE,
D3-MeFOSAA, D5-EtFOSAA) were used for quantification of PFAS.
Further information on recovery rates of the native and internal stan
dards used is provided in Table S5, while all compounds are listed in
Tables S6 and S7 in SI.

2.5. Soil and water parameters
The characteristics of the soil were determined before and after the
experiments, to identify key parameters that could affect the remedia
tion process. Soil texture and carbon content were evaluated as previ
ously described (Sörengård et al., 2019) (Tables S1, S3 in SI). Moisture
content was measured gravimetrically in each soil slice after freeze
drying. In the two-compartment experiments, electric conductivity of
the electrolyte was measured with an EC meter (HI 2211 pH/ORP meter,
Hanna Instruments). The results are presented in Figs. S1-6 in SI.

2.4. PFAS analysis
Soil samples were analysed through soil extraction with methanol

Table 1
Overview of the electrokinetic remediation (EKR) treatments applied in experiments A-D.
Experiment

Current density [mA cm− 2]

Duration [d]

Average power consumptiona [kWh]

Soil origin

Setup

A
B
C
D

0.19
0.39
0.19
0.19

21
21
21
91

0.30
0.55
0.14
4.73

Field soil I
Field soil II
Artificial spiked soilb
Field soil II

Two-compartment
Two-compartment
Two-compartment
Single compartment

a

Average power consumption was calculated using average voltage throughout the experiments.
∑
Artificial soil spiked with PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFNA, PFDA, PFUnDA, PFDoDA, PFBS, PFHxS, PFOS, 8:2 FTSA, 6:2 FTSA, FOSA to PFASs = 0.6
− 1
mg kg .
b
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2.6. Quality control and quality assurance

PFASs could also be due to degradation of precursors or longer-chain
PFASs, which has been reported for anodic potential higher than
2.530. However, as Sharma et al. have reviewed (Sharma et al., 2022),
degradation and mineralisation of PFASs as a result of electrolysis has
only been reported at much higher current densities (≈5–20 mA cm− 2),
1–2 orders of magnitude higher than those tested here (0.19–0.39 mA
cm− 2) and with different types of electrodes and configurations. Con
centrations of individual PFASs ranged between 0.15 and 9.4 μg kg− 1 for
field soil I and between 0.07 and 9.7 μg kg− 1 for field soil II (Table S2 in
SI). PFOS displayed the highest concentration in both soils (9.4 and 9.7
μg kg− 1 for field soil I and II representing 27% and 66% of the sum of the
detected PFASs, respectively), exceeding Swedish guidelines for pro
tection of soil for sensitive land use (Pettersson et al., 2015).
A significant increasing trend in PFAS concentration towards the
anode due to electromigration was observed in experiments A and B
after 21 days of applying direct current (p < 0.05, ANOVA for a linear
increase). The trend was roughly linear until a depletion started to
develop (Fig. 2c, e), followed by an accumulation front with higher rate
of mass transport. While an electromigration trend was observed for all
PFASs, the extent of transport varied between compounds, with shorterchain PFASs and PFSAs being more susceptible, both accumulating more
in the soil close to the anode and some were small enough to pass
through the anion exchange membrane while others were deposited on
the membrane (Fig. 3). The lowest reductions in total soil concentrations
were found for PFDA, PFUnDA, PFDoDA and FOSA (Fig. 4). Conversely,
the removal efficiency, defined as C− CC0 *100% (where C0 and C are the
starting and final PFAS concentrations in the soil within 5 cm of the
cathode, respectively), for compounds with C < 8 was much higher (in
the range 85–99%) than for compounds with C ≥ 8 (in the range
2.8–30%) (Table S9 in SI). The sorption strength of short-chain PFASs is
low (Du et al., 2014), increasing their susceptibility to electromigration.
FOSA, which is typically non-ionic at low pH due to its relatively high
pKa of 6.2–6.5 (Rayne and Forest, 2009b), was removed at a low rate
(5.3%) from the soil based on its transport gradient, indicating mobi
lisation due to the electric field (Fig. 2). This can be attributed to alka
linisation of the soil, resulting in ionisation of FOSA (Sörengård et al.,
2019). Therefore, higher pH could have possibly resulted in even higher
removal rates for FOSA. There were no significant differences in elec
tromigration of PFASs at the higher current density tested in experiment
∑
B (Fig. 2). Specifically, 74% of PFASs were concentrated within 5 cm
of the anode in experiment B, compared with 68% in experiment A. This
difference can be attributed to the different PFAS profiles in the two field
soils and the fact that the soil in experiment B had lower organic carbon
content, leading to higher potential for desorption. Higher current was
therefore not correlated with higher removal rates, contradicting pre
vious results for EKR of heavy metals (Hansen et al., 1999).
To get a complete picture of electromigration patterns, the mass
balance of the system was calculated. As was evident in the spiked soil
experiment C, (Fig. 4), the soil concentrations of PFASs detected after
treatment were lower than the starting concentrations, indicating
extraction of PFASs from the soil to the electrolyte or AEM. Mass dis
tribution among different components for experiment B showed almost
complete accumulation of PFASs (89%) towards the anode, including
soil adjacent to the anode, the AEM and anolyte (Fig. 3). Specifically,
16% of PFASs were detected on the AEM, 13% at the electrolyte, and
61% in soil that was within 5 cm of the anode. The PFASs that were
extracted from soil and detected in the electrolyte were mainly PFCAs
with C ≤ 6 and PFHxS. Short and ultra-short chain PFASs are less likely
to form aggregates through micelle and hemi-micelle formation (Ateia
et al., 2019), and are therefore more likely to pass through the AEM.
Some PFASs that were undetectable in the reference soil or negative
blanks were observed at the AEM. Notably, among the 17 PFASs
detected, five (i.e. PFBA, PFNA, PFDA, PFUnDA, 10:2 FTSA) found at the
AEM were previously undetected, indicating either accumulation of
these compounds or potential degradation of longer-chain PFASs to

Glassware, plastic tubes and experimental equipment that came into
contact with soil were rinsed with methanol three times before use. An
internal standard (IS) method was used to monitor and improve
analytical precision. Average recovery of ISs was 112% ± 38% for the
solid phase samples and 84% ± 22% for the liquid phase samples.
Analyte-free method blanks (n = 3) were included in the analysis to
investigate blank contamination. Blank concentrations were <1% of
concentrations detected in the experiments, and thus no blank correc
tion was performed. The method detection limit (MDL) for each target
PFAS compound was calculated as MDL = meanblanks + 3*σblanks when
concentrations were found in the method blanks, or using the lowest
point of a 9-point calibration curve (0.01–100 ng mL− 1) in the absence
of method blank concentrations (Table S8 in SI). All samples were
analysed in triplicate and the standard deviation of replicates was taken
to represent the analytical error. Statistical analysis was conducted with
ANOVA, applying significance level α = 0.05.
3. Results and discussion
3.1. Operating conditions
The two-compartment setup successfully resulted in elevated pH,
especially near the cathode, leading to creation of an alkaline front.
Specifically, the soil pH ranged from 3.3 at the anode to 10 at the
cathode, following a similar trend in all two-compartment experiments
(A-C) (Fig. S4 in SI). Similar pH control has been reported for a twocompartment EKR setup when using cation exchange membranes for
acidification of sediments (Pedersen et al., 2015). During the experi
ments, loss of the electrolyte solution was monitored in experiments A
and C. Maximum cumulative loss of electrolyte solution was found to be
100 mL after 21 days (~4.8 mL d− 1) (Fig. S5 in SI). This volume loss may
have been caused by electrolytic reactions taking place at the anode, i.e.
water splitting (Fig. 1), or by EOF. On comparing the water profile
before and after treatment an effect of EOF was detected, with higher
water content at the cathode in all experiments (Fig. S1 in SI). Notably, a
10% increase in soil water content was observed in experiment C by the
end of the treatment period, indicating intrusion of the electrolyte into
the soil column due to EOF (Fig. S1 in SI). This correlated with the loss of
electrolyte solution recorded during the experiments (Fig. S5 in SI). The
artificial soil used in experiment C had a higher sand content than the
natural soils (I, II) and thus larger pore size, which could have resulted in
higher susceptibility to EOF. The electric conductivity of the soil was
higher adjacent to the electrodes by the end of the experiments (Fig. S6
in SI), which can be indicative of ion depletion between the electrodes,
generation of ions at the electrodes through reactions or increased sol
ubility of ions at the electrodes. Lower electrical conductivity in the pore
water between the electrodes can hinder electromigration and increase
power consumption. Electric potential fluctuated from 11 to 90 V
throughout the two-compartment experiments (A-C), although it was
lowest in experiment C, possibly due to higher water content (Fig. S2 in
SI). In the single-compartment experiment (D), electric potential
reached its maximum (204 V) after 74 days, indicating a resistance in
crease from depletion of available soil ions (Fig. S3 in SI). This indicates
that eventually electrokinetic treatment stops if no recirculation or
addition of ions is induced.
3.2. Two-compartment setup
In total, 14 and seven individual PFASs were found to be present in
concentrations above MDLs in reference samples of field soils I and II,
respectively. Additional PFASs (PFBA, PFNA, PFDA, PFUnDA, 10:2
FTSA) were detected in some soil slices after treatment, notably on the
AEM, indicating the presence of PFASs at undetectable levels in the
reference soils (Table S2 in SI). Increased concentrations of shorter
4
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∑
Fig. 2. Transport of a) PFASs, b) PFOS, c) PFOA, d) FOSA and e) PFHxS after 21 days treatment in experiment A ( , field soil I, 0.19 mA cm− 2) and experiment B
(▴, field soil II, 0.39 mA cm− 2) for two field contaminated soils.

Fig. 4. Longitudinal normalised distribution of individual per- and poly
fluoroalkyl substances (PFASs) in experiment C (two-compartment, spiked soil,
0.19 mA cm− 2) after 21 days of electrokinetic remediation (EKR). Each PFAS
concentration was divided by its background soil concentration in positive
controls; C/C0 = 1 corresponds to starting concentration for the sum of
15 PFASs.

Fig. 3. Mass distribution of individual per- and polyfluoroalkyl substances
(PFASs) among different components of the two-compartment setup in exper
iment B (21 days, 0.39 mA cm− 2). Soil (+) and Soil (− ) refer to portions of soil
within 5 cm of the anode and cathode, respectively.

shorter-chain compounds. In experiment C, removal efficiency of PFASs
was significantly correlated with perfluorocarbon chain length (p <
0.05, ANOVA for PFCAs). Removal efficiency exceeded 85% for C ≤ 7,
but then dropped sharply to less than 6% for C ≥ 9 (Fig. 5). This agrees
with other studies showing a sharp increase of PFAS sorption for C > 7
(Nguyen et al., 2020; Sörengård et al., 2019, 2020a), indicating an in
verse correlation between sorption strength and electromigration.

PFASs with different functional groups but similar perfluorocarbon
chain length exhibited similar removal efficiencies. Thus, perfluoro
carbon chain length appeared to be the dominant factor affecting elec
tromigration. The two-compartment setup did not prove to be efficient
for long-chain PFASs such as PFUnDA (4.7%) but was very efficient for
5
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prolonged treatment period. The maximum voltage was reached at 71
days, after which the current density dropped gradually, with EKR of the
soil thus ceasing (Fig. S3 in SI). Increase of voltage can result in higher
treatment costs, therefore shorter treatment times might be required in a
full-scale scenario. The simplicity of the single-compartment setup is an
evident advantage, since it can operate without addition and recircu
lation of electrolyte or the need for ion exchange membranes, which
lowers the installation and upkeep costs. In addition, GAC makes for a
safer inventory for PFASs compared with electrolyte, since GAC has
strong affinity to a wide number of PFASs (Ochoa-Herrera and
Sierra-Alvarez, 2008).

Fig. 5. Removal efficiency as a function of perfluorocarbon chain length in
experiment C (two-compartment, spiked artificial soil, 0.19 mA cm− 2).
Removal is defined as PFASs extracted from soil within 5 cm of the anode,
comparing final and starting concentrations.

3.4. Knowledge gaps and environmental implications
To fully comprehend the capabilities of electrokinetic systems in
remediation of PFAS-contaminated soil, further research is required.
One important aspect is the kinetics of the electromigration process,
knowledge of which could help estimate the method’s required treat
ment times and thus its costs. The electrode spacing could also influence
the method’s efficiency, as has been recently suggested for petroleum
contaminants, where shorter spacing is correlated with higher removal
rates (Gidudu and Chirwa, 2020). Although our results did not indicate
PFAS degradation based on the mass balance, there could be such an
effect at higher current densities, an issue which needs to be investigated
in the future. Ultimately, the two-compartment setup resulted in a
drastic increase in soil pH close to the cathode (pH = 9–10), which might
not be acceptable at every site. Alkalinisation of the soil at the anode
could potentially result in precipitation of metals (Król et al., 2020) and
a subsequent decrease in conductivity, which would result in an increase
in electric potential, and also increasing power consumption. However,
the experiments were functional within normal voltage limits and the
resistivity even declined during the experiments, possibly due to hy
dration of the soil. Such parameters would need to be fully understood
before full-scale application of the process. In a field-scale application,
the effect of groundwater flow should also be considered, as it can
potentially disrupt the extent of electromigration. However, the elec
trodes can also be placed in a way that groundwater flow can be used
synergistically (cathode upstream, anode downstream), to cancel the
effect of EOF and facilitate the extraction of PFASs. Safety consider
ations of the electrokinetic method should be further investigated, since
the high voltages tested herein could be harmful to living beings. The
electric potential reached high levels, however, the current density was
still generally low. Therefore, a risk assessment of potential health risks
could facilitate the application of the technology at larger scales.
Based on the results, EKR can be a viable treatment option for PFAScontaminated soils, either when applied alone or in combination with
other techniques. The results indicated that EKR can be used to treat a
PFAS plume in a contaminated soil either by diverging it or by extracting
it from soil to electrolyte or to GAC. EKR can thus help reduce costs
related to PFAS destruction, for instance by reducing the contaminant
plume that requires thermal destruction (Sörengård et al., 2020b). The
two novel setups tested showed high removal rates, especially for
short-chain PFASs, while functional groups did not appear to be of major
significance. EKR can therefore be a promising solution for removal of
short-chain compounds, which can pose a challenge for other soil
remediation techniques such as stabilisation and thermal destruction
(Du et al., 2014; Gagliano et al., 2020; Watanabe et al., 2016). Removal
of long-chain PFASs from contaminated media is a more challenging
task, but combining EKR with other techniques (e.g. stabilisation (Ross
et al., 2018)) could potentially increase the removal efficiency for these
compounds. Therefore, the specific PFAS composition at a particular
contaminated site must be considered before applying EKR. In view of
the worldwide switch to production and use of short-chain PFASs,
extraction techniques such as EKR may become particularly relevant in
the future. Further studies should therefore focus on optimisation and
upscaling of the EKR process.

short-chain PFASs such as PFBS (99%). Short-chain PFASs are much
more mobile, due to their higher solubility (Brendel et al., 2018), and
therefore transport is much more rapid. Compared with the conven
tional EKR setup tested in a previous study (Sörengård et al., 2019), the
two-compartment setup achieved slightly better overall results, notably
for short-chain PFCAs (35–67% higher electrolyte concentrations than
previously reported).
3.3. Single-compartment setup
∑
In the single-compartment setup, 75% accumulation for PFASs in
the GAC compartment was measured post-treatment (Fig. 6). Only
PFOS, FOSA and PFBS were detected in the soil within 5 cm of the
cathode, while the other PFASs had been transported towards the anode,
indicating almost complete depletion of PFASs at the cathode after
treatment. The highest accumulation was observed for PFHpA, which
was only detected in the GAC, while PFOS and FOSA accumulated at
lower rates (53% and 18%, respectively). They were the largest of the
compounds detected (C = 8), which can explain the lower accumulation
rate. However, 28% of the remaining PFOS were detected within 5 cm of
the anode and only 19% remained within 5 cm of the cathode after
treatment. Hence, PFOS transport was evident, but at a lower rate.
The lowest rate of GAC accumulation was seen for FOSA, possibly
due to inability of the single-compartment setup to raise the pH and
cause ionisation of FOSA. Among the three slices of GAC analysed,
PFASs were only detected in the slice that was closest to the soil, indi
cating strong sorption on GAC and showing that the electric field in
terferes with the sorption process to a lesser extent in GAC than in soil.
However, a trade-off between electromigrative desorption of PFASs
from soil and adsorption to GAC is still expected. It is likely that over
saturation of the GAC with PFASs would eventually result in their
transport further into the GAC compartment, especially for short- and
medium-chain PFCAs (McCleaf et al., 2017).
Overall, the single-compartment setup demonstrated slightly lower
removal efficiencies than the two-compartment setup, despite the

Fig. 6. Accumulation of per- and polyfluoroalkyl substances (PFASs) on gran
ulated activated carbon (GAC) after 91 days of application of 0.19 mA cm− 2 in a
single-compartment setup, based on mass balance. Error bars show average
standard deviation of triplicates.
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