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HIGHLIGHTS GRAPHICAL ABSTRACT

o Electrokinetic remediation can treat soil
and porewater simultaneously in situ.

e Arsenic concentration in sand porewater
decreased.

e Iron-bound As fraction increased after
stabilisation =~ with  corroding  Fe
electrodes.

e Plants showed lower As uptake after
electrokinetic treatment.

e Redox conditions need to be controlled
to further enhance As immobilisation.
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ARTICLE INFO ABSTRACT

Guest Editor: Michael Komérek Although landfilling is environmentally and economically unsustainable, it is the dominant soil remediation
method in EU member states. This paper describes part of a study on mixed contaminants that investigated the

Keywords: stabilisation of arsenic (As) in contaminated soil in an outdoor box experiment with electrokinetic treatment

Iron(oxyhydr)oxides (EK). The experiment was conducted in two 1 m® boxes, each containing a 20 cm bottom layer of sand, overlaid

Stabilisation
Electrokinetic remediation
Reed canary grass
Phalaris arundinacea

with 20 cm of peat. In EK, a pulsating, low-voltage current was applied with the intention of corroding the
zerovalent iron (Fe) electrodes, migrating ionic Fe species, and forming secondary iron minerals, thereby
immobilizing As. Porewater samples were collected over two seasons to determine whether the treatment
decreased the concentration of dissolved As. Sequential extraction was performed on the soil samples to
determine whether the fraction of Fe-bound As increased. Reed canary grass was planted in one of the boxes
during the second season and analysed for As uptake. The results showed that the treatment decreased the
porewater As concentration in sand by 50-54 %, while the concentration of Fe increased. The sequential
extraction of sand showed that the fraction of As bound to poorly crystalline Fe oxides increased during this time.
This treatment effect was less visible in the peat. Moreover, the exchangeable As fraction increased in both peat
and sand, most likely because of the decrease in redox potential at the end of the experiment. The plants grown in
treated soil accumulated less As than those grown in untreated soil, indicating that the phytoavailable As fraction
decreased. This study showed that EK remediation can be a suitable in situ remediation technique, mostly in sand.
Future research should focus on redox control to further optimise EK remediation and ensure long-term As
stability in treated soils.
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1. Introduction

One of the reasons why excavation is still the dominant remediation
technique in the EU is that many decision-makers base their imple-
mentation of remediation techniques on guidelines on contaminant
concentrations instead of on the risks posed by those contaminants in the
soil. These risks ultimately depend on the chemical speciation of the
contaminant, leading to different mobility, bioavailability, and toxicity
of the contaminant (Mohan and Pittman, 2007; Smedley et al., 2002). In
the EU alone, the number of contaminated sites is estimated to be
approximately 2.8 million (Pérez and Rodriguez Eugenio, 2018).
Transporting and landfilling all that soil would be unsustainable, both
economically and environmentally. If contaminant speciation and the
risks associated with the contaminants are considered, in addition to
their total concentration, the development of soil remediation tech-
niques in situ would lead to more sustainable remediation practices.

Creosote and chromated copper arsenate (CCA) have been
commonly used as wood preservatives. Creosote is a persistent bio-
accumulative and toxic/very persistent and very bioaccumulative (PBT/
vPvB) substance with high concentrations of polycyclic aromatic hy-
drocarbons (PAH), whereas CCA contains metal(loid) contaminants.
Both PAH and metal(loid)s are persistent and highly toxic in the envi-
ronment (Guha Mazumder, 2008; Sakshi et al., 2019; Wares et al.,
2014). Although the use of these chemicals has been restricted for wood-
impregnation purposes in the EU, inappropriate industrial practices in
the past have left many metal(loid)/PAH-contaminated sites to be dealt
with in the present.

Zerovalent iron (ZVI) has been proposed as an effective chemical
amendment that decreases the mobility of metal(loid)s in soil (Jain
et al., 1999; Kumpiene et al., 2012; Kumpiene et al., 2021; Warren et al.,
2003; Yeung and Gu, 2011). The rapid oxidation of ZVI in soils could
lead to the formation of iron (Fe) secondary minerals, i.e., iron oxy-
hydroxides, that can adsorb both cations (e.g., Cu?*") and anions (e.g.,
AsO37). A study on historically contaminated soil showed that the
bioavailable fractions of As can be reduced by up to 99 % in soil pore-
water by stabilisation with ZVI (Kumpiene et al., 2006). Amendment
with ZVI can increase the amount of poorly crystalline Fe oxides in soil,
which, in turn, leads to an increase in the immobilisation of arsenic (As)
in soil, up to 82-99 % (Cundy et al., 2008; Komarek et al., 2013;
Kumpiene et al., 2021).

Electrokinetic remediation (EK) is an environmental technique that
has been studied and used since the 1980s, mostly at laboratory scale
(Ren et al., 2014). Traditionally, an electric field is applied between two
electrodes, generating an electroosmotic flow of metal-polluted soil
porewater towards the cathode, where the contaminants are either
pumped out and treated or precipitated on the electrode, which is then
removed (Alshawabkeh, 2009); Virkutyte et al., 2002). This is an
energy-demanding process that often requires chemical additives to
improve the mobilisation of metals and prevent pH changes. Another
common problem in electrochemistry is the corrosion of electrodes and
the need to exchange them. However, in this study, this problem was
addressed and used as an asset by choosing to introduce ZVI electrodes
in the EK treatment setup with the purpose of intentionally corroding
them in soil and using the corrosion products to immobilise As in situ. It
is expected that, by applying a pulsating low-voltage current, the EK
treatment could spread ionic Fe species throughout the soil profile via
electromigration, electroosmosis, and electrophoresis (Acar et al.,
1995). Since electrodes are easily inserted into the soil, this technique is
intended to be applied in situ, without soil excavation, for immobilisa-
tion of inorganic contaminants (Chu et al., 2022; Kumpiene et al., 2023).

In this study, the effects of EK treatment on As immobilisation in soils
contaminated with wood-impregnation chemicals were investigated.
The aim of this study was to use EK treatment to amend soil with Fe from
intentionally corroding electrodes and to evaluate the impact of this
treatment on As immobilisation by following changes in the dissolved As
concentration in porewater, As fractionation in soil constituents by
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means of sequential extractions, and phytoavailability to reed canary
grass in an outdoor box experiment.

2. Materials and methods
2.1. Experimental setup and sampling

2.1.1. Soil

Sandy soil and soil rich in organic matter (hereafter referred to as
sand and peat, respectively) were sampled in May 2021 from a former
wood-impregnation industrial site in Limmared, Sweden. The site was
previously used for the impregnation of railway sleepers, first with
creosote, and later with CCA. Approximately 400 kg of each soil type
was excavated from the hotspot and transported to the laboratory. Prior
to the experiment, the sand and peat were homogenised separately using
a rotating cement blender, and rocks and coarse particles >10 cm were
removed. Two 1 m> boxes (polyethylene, 1 x 1 x 1 m), Treated 1 and
Treated 2, were filled with soil so that a 20 cm bottom layer of sand was
formed at the bottom and a 20 c¢m layer of peat was placed on top. This
design was selected to simulate the field conditions at the sampling site,
where peat soil was overlaying sand soil (Fig. 1).

Soil samples (10 g) were collected by hand at three times during the
experiment: at the start of the first season, at the end of the first season/
beginning of the second season, and at the end of the second season. In
the treatments the samples were taken from the centre of the boxes, and
from the areas around each of the electrodes. In the controls, samples
were taken from the centre of the containers. Samples were placed in
diffusion-tight soil sampling bags and stored at 4 °C prior sequential
extraction.

2.1.2. Groundwater

A polyethylene groundwater tube was installed in the middle of each
box to sample the simulated groundwater and monitor the groundwater
levels, which were maintained at 10 cm below the soil surface by adding
the required amount of fresh tap water to the soil. Groundwater samples
were collected with a high density polyethene bailer (Unoson Environ-
mental AB) twice a week during the first season, and every second or
third week during the second season. The pH (WHT pH 340/SET-1),
electrical conductivity (EC) (radiometer Copenhagen PHM 95 pH/ion
meter), and redox potential (Radiometer Copenhagen CDM 210 con-
ductivity meter) of the samples were analysed immediately.

2.1.3. Porewater

Rhizon samplers were installed in each soil layer to sample the
porewater. The samplers were distributed in a manner that followed the
pH development and Fe distribution in the soil (Fig. 1). The porewater
was extracted by creating vacuum with pulled up syringes. Sampling
was performed twice a week during the first season, resulting in 22
sampling occasions. In the second season, sampling was performed once
every second or third week for a total of four sampling occasions. The
sampling intensity was lower during the second season due to the
observed changes in the porewater concentrations during the first
season.

The porewater samples were immediately analysed for pH, EC, and
redox potential. The remaining samples were acidified with concen-
trated nitric acid and stored at 4 °C prior to element analysis by
inductively coupled plasma - optical emission spectrometry (ICP-OES,
PerkinElmer optima 8300, detection limits in mg L™ first season; As:
0.0128, Fe: 0.004, and second season; As: 0.014, Fe: 0.003).

During the first season, it was not always possible to extract pore-
water from all 24 porewater samplers (pw) on all sampling occasions,
probably because of temporary clogging of the pw. Consequently, no
porewater was extracted from pw3 and pw23 throughout the experi-
ment. During the second season, an additional porewater sampler was
clogged (pw24) and excluded from further analyses. The samplers were
not replaced to avoid soil disturbance and soil layer mixing.
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2.1.4. Electrokinetic soil treatment

Two ZVI electrodes (from the local hardware store) were inserted
into the soil, placed at opposite corners of the boxes, and connected to a
power control unit (Ekogrid, Finland). A low pulsating voltage (3 V)
with a varying pulse frequency of 500-1000 pulses/s was constantly
applied throughout the experiment, and the direction of the electric
direct current (DC) was switched once per week so that each electrode
could interchangeably act as both the anode and cathode. The first part
of the experiment (first season) was performed for 4.5 months (June-
—October) outdoors under natural light and temperature conditions in
Luled, Sweden, but with a controlled water supply. The treatments and
controls were loosely covered with a plastic film/vapour barrier to
prevent precipitation from entering the boxes while allowing airflow.
The boxes were kept idle during winter.

The second part of the experiment (second season) was performed
under the same conditions, but ran for 2.5 months (July-September).
During the winter between the first and second seasons, Treated 2
accidentally took in some snow, which delayed the start of sampling
waiting for the excess water to evaporate.

2.1.5. Plants

During the second season, reed canary grass (Phalaris arundinacea)
was pre-cultivated indoors. Prior to planting, the seeds were placed in a
refrigerator for 24 h, after which they were planted in soil in small pots.
The plants were watered regularly and maintained under specific light
conditions (23 W) from 7 am to 7 pm. After 40 d, the plants were placed
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outdoors for 72 h to acclimatise to the outdoor conditions. They were
then cut to approximately 4 cm and planted in one of the boxes (here-
after called Treated 2 + plant) and in untreated soil (Untreated 2 + plant).
At the end of the experiment, plant shoots were cut at approximately 4
cm from the soil surface, washed with distilled water, and dried in the
dark at 22 °C for 8 months. The dried grass was subsequently milled and
extracted in hydrogen peroxide and nitric acid at 195 °C for 10 min
using a microwave digestion system, with three replicates from the
treated soil and one replicate from the untreated soil (due to limited
biomass).

2.1.6. Control

Controls were set up in two 10 L containers, Untreated 1 and Un-
treated 2, filled with a 10 cm bottom layer of sand and a 10 cm top layer
of peat without applying any electricity. In the controls, twelve Rhizon
samplers (three in each soil layer) were placed to sample the porewater
every other week to monitor the pH, redox potential, and EC. The
remaining samples were acidified with concentrated nitric acid and
stored at 4 °C prior to element analysis by ICP-OES.

2.1.7. Sequential extraction of soil

To determine the changes in As and Fe fractionation in the treated
and untreated soils, sequential extraction was performed on samples
collected at the beginning and end of each season from several locations,
namely near the electrodes and in the middle of the boxes further away
from the electrodes. Separate samples were collected from sand and

Treated 2 Untreated 2
Treated 1 (second season with plants) Untreated 1 (second season with plants)
4 N [ N N [
Peat top layer Peat top layer Peat top layer Peat top layer
4 .\ ~ ‘\
pw11 pw10 pw23 pw22
pwo pw21
pw8 pw20
pw7 pwi12 pW19 pw24
[ ] [ ]
o AR J
Sand bottom layer Sand bottom layer Sand bottom layer| |Sand bottom layer
4 .\ 4 .\
pw5 pw4 pw17 pw16
pw3 pw15
pw2 pw14
pwi pwé pwi13 pwig
[ ] [ ]
N\ 7)) S 7) L AN Y,

Fig. 1. Experimental setup over the two seasons and placement of the 24 porewater samplers (pw1 — pw24) in the treatments. Six porewater samplers were placed in
each treated soil layer, yielding a total of twelve samplers in sand and twelve in peat, totally in the two treatments.
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peat. The method described by (Kumpiene et al., 2012) was used. Six
fractions were extracted: (I) exchangeable, (II) Fe(IIl)oxyhydroxide, (III)
Fe(IDoxide, (IV) Fe—Mn oxide, (V) organic matter and secondary
sulphur, and (VI) residual fractions. Extracts from all fractions were
analysed with ICP-OES. The total element concentrations in sand and
peat were calculated as the average sum of all fractions of the soil
samples collected at the different locations in the boxes after the first
season.

2.2. Statistics

IBM SPSS 28 software was used for statistical analyses. A two-sample
independent t-test (p < 0.05) was performed to discriminate between
sample means.

3. Results and discussion
3.1. Soil properties

The main properties of sand and peat are summarised in Table 1.
Total dissolution in aqua regia showed that peat contained higher con-
centrations of As than sand, and both soils exceeded the Swedish
guideline value for As in soils with less sensitive land use of 25 mg kg™!
(Swedish EPA, 2022). The peat also contained higher concentrations of
Fe than the sand (Table 1).

3.2. Changes in soil solution pH and electrical conductivity

To prevent the common problem in EK remediation with acidic
conditions at the anode and alkaline conditions at the cathode, the po-
larity was switched weekly (Chilingar et al., 1997; Saichek and Reddy,
2005) to attempt to overcome the need to use additives to prevent pH
changes.

The results from the first season showed that the pH did not vary in
the treatments depending on the sampling location of the pw (p < 0.01).
This was observed for both sand and peat in both treatments and is in
line with the aim of preventing a pH gradient in the soil by alternating
which electrode acted as the anode and cathode (Fig. 2a and b). This was
also in line with a study on EK remediation in phenol-contaminated soil,
which showed that the pH remained constant over time due to polarity
switching (Luo et al., 2005). In both treatments and controls, the pH
remained relatively constant over time, which indicates that it was un-
affected by EK.

The second season also showed that the pH did not vary in the
treatments depending on the pw location in any of the soil layers (p <
0.01) (Fig. 2c and d). This further supports the idea that switching the
polarity could have had a positive effect on achieving even pH levels in
the soil. This result further indicates that switching the polarity is a
successful option instead of using chemical additives for pH control. The
pH remained relatively constant over time in both the treatment and
controls.

The electrical conductivity of pw remained relatively constant
throughout both seasons (Fig. Ala—d). The same pattern was observed in
the controls, indicating that it was not affected by the treatment.

Table 1
Main properties of the two studied soils.
Soil pH EC, pS Organic As, mg Fe, mg kg~ !
em ! matter”, % kg!
Sand 5.35+ 82+10 2.21 £0.18 150 + 65 21,267 +
0.07 5812
Peat 5.09 + 409 + 88.89 + 2.07 438 + 86 29,380 +
0.03 119 6276

# Measured as loss on ignition at 550 °C.
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3.3. Changes in soil redox conditions

Simultaneously, as the outdoor temperature decreased in the first
season, the porewater redox potential decreased to negative values for
most pw, and an increase in As concentration was observed. Due to these
effects, the first season was divided into a “high-redox” period, taking
place from sampling occasions 1 to 17, and a “low-redox” period, taking
place from sampling occasions 18 to 21, and is hereafter referred to as
such (Fig. 2 e and f). High redox is defined as the majority of pw having
positive redox values. Low redox is defined as the majority of pw having
negative values. On sampling occasion 22, the redox started to increase
again, resulting in positive redox values for most pw, and was hence
excluded from the “low-redox” period.

Despite attempts to control the water level in the boxes, the soil
water content was heavily influenced by the outdoor temperature,
meaning that, at the end of the first season when the temperature
decreased, around sampling occasions 17-18, the evaporation of soil
water decreased. Consequently, less water was added and the soil
became saturated over longer periods.

The second season ended with plant harvesting, which occurred
earlier in the fall than that in the previous year. In the second season, the
redox values remained positive most of the time for most of the pw;
hence, this season was not divided into high- or low-redox periods
(Fig. 2g and h).

3.4. Impact of EK on As in soil porewater

During the first season, the As concentration in the pw in sand
decreased with time (Fig. 3a). This was observed in both Treated 1 (50 %
decrease, p < 0.01) and Treated 2 (54 % decrease, p = 0.018) samples. At
the end of the experiment, the concentration of dissolved As began to
increase again, probably because of a simultaneous decrease in the
redox potential. The As concentrations have been shown to increase
under water-saturated and reducing conditions in soil solutions (Kum-
piene et al., 2009; Mitsunobu et al., 2006). This also highlights the
challenge of the in situ stabilisation of redox-dependent metal(loid)s,
such as As, and the need to maintain oxic conditions to ensure long-term
stability (Kumpiene et al., 2021). Cycles of anoxic and oxic soil condi-
tions can increase the risk of As release into soil solution (Park et al.,
2022). Since the redox potential naturally fluctuates in soil over time,
dependent on for example temperature, rainfall and microbial activity,
the extent of As remobilisation needs to be further studied (Chari et al.,
2021). Alternating redox cycles in As contaminated soil, Han et al.
(2019) has observed an increased release of As to groundwater in
response to repeated anoxic conditions, probably due to dissolution of
Fe minerals and simultaneous microbial reduction of As (Han et al.,
2019).

However, the decrease in the As concentration in peat over time was
not statistically significant (Fig. 3b), which indicates that the stabilisa-
tion of As in organic soil might be more difficult than that in sandy soil.
The interactions among As, Fe, and organic matter (OM) are complex
and not fully understood. It is believed that soluble OM-cationic metal
complexes can strongly bind to dissolved anions, where cationic metals
act as bridging complexes (Lin et al., 2004; Ritter et al., 2006). At the
same time, it has been suggested that OM competes with As for the
sorption sites on the Fe oxide surface and hinders As sorption in the
presence of dissolved OM (Kim et al., 2015; Sharma et al., 2010).
Spectroscopic studies on the interactions between Fe, As, and OM in
natural stream water by Sundman et al. (2015) found no clear evidence
of the formation of As(V)-Fe(Ill)-natural OM complexes (Sundman
et al., 2015). This was indicated by the coexistence of Fe(II)-OM and
free As(V), even at high As (V) concentrations. These latter studies
suggest that complexation between Fe(III) and OM can result in higher
levels of free As(V) because Fe(III) can become unavailable for As
sorption, which might be the reason for the less evident stabilisation of
As in peat compared with that in sandy soil in this study.
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Fig. 2. Variations in pH and redox potential in porewater sampled in (a, e) sand in Treated 1 from porewater samplers pw1-pw6 and in Treated 2 from pw13-pw18
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Fig. 3. Variations in arsenic and iron concentration in porewater sampled in (a, e) sand in Treated 1 from porewater samplers pw1-pw6 and in Treated 2 from pw13-
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In contrast with these results, the observations during the second
season were reversed; that is, the As concentration increased in sand and
decreased in peat in both boxes (Treated 1: 96 % decrease, p = 0.010;
Treated 2 + plant: 80 % decrease, p = 0.05) (Fig. 3c and d). This might
be the outcome of the experimental design, in which peat was placed on
top of sandy soil to simulate field conditions. As the boxes were left to
stand over winter and faced snowmelt without any treatment, porewater
had a chance to move downwards, thus affecting the As concentrations
in the deeper (sand) layers. When comparing the results from the start of
the first season to the end of the second season, there was an overall
decrease in the As concentration in all soil layers, except for the sand in
Treated 2 + plant (second season). Moreover, at the end of the second
season, 55 % of the pw reached As concentrations lower than WHO
guidelines for drinking water (0.01 mg L™). Before treatment, the As
concentrations exceeded the guidelines at all sampling points, indicating
that EK could be used to immobilise As in contaminated soil.

3.5. Impact of EK on Fe distribution in soil and As binding

The concentration of dissolved Fe in the porewater increased over
time during the first season (Fig. 3e and f). This was observed for
porewater in the sand in Treated 1 (90 % increase, p = 0.0323), sand in
Treated 2 (70 % increase, p = 0.002), peat in Treated 1 (99 % increase, p
= 0.017), and peat in Treated 2 (72 % increase, p = 0.043), which could
be due to the corrosion of the electrodes, but also due to the dissolution
of the indigenous Fe that was already present in soil as affected by EK
treatment (Zhang et al., 2023). There was no significant difference (p =
0.01) in the dissolved Fe concentration close to or far from the electrodes
in any of the soil layers, except for the peat in Treated 2. As the polarity
of the current flow was alternated regularly and soil water was repeat-
edly replenished during the experiment, the soil solution and dissolved
ions were able to move both horizontally (through electromigration and
electroosmosis) and vertically (gravitational movement), probably
leading to the observed equalisation of the dissolved Fe concentrations.
During the second season, the dissolved Fe concentration increased in
pw in sand but not in peat; the reason for this could be the same as that
for the changes in As distribution, that is, the downward migration of the
soil solution over time (Fig. 3g and h).

The distribution of Fe between the operationally defined soil frac-
tions during the first season indicated that the fraction of poorly crys-
talline Fe oxides increased slightly in the sand in the centre of the box
and at one of the electrodes compared with that in the untreated soil, but
not in peat. Interestingly, the concentration of this Fe fraction at the
opposite electrode in both soils nearly disappeared (Fig. 4b). As the
current flow was supplied in the pulsating mode with varying pulse
frequencies towards the cathode and anode, it is possible that this
affected the precipitation of secondary Fe oxides differently at different
electrodes, causing the observed differences in the accumulation of
poorly crystalline Fe oxides in the soil. In contrast, the fraction of these
Fe oxides increased in the vicinity of one of the electrodes during the
second season in both sand treatments and in peat without plants
compared with the other sampling locations and the control (Fig. 4d). It
is likely that the same reason for the depletion of this fraction during the
first season at one of the electrodes also caused Fe accumulation during
the second season, namely the varying pulse frequencies towards
different electrodes. This could have caused stronger migration of Fe
towards one of the electrodes, resulting in an uneven distribution of
newly formed Fe oxides. The impact of direct current with varying pulse
frequencies and alternating polarity on the dissolution and precipitation
of secondary Fe oxides in EK-treated soils is not fully understood and
requires more detailed studies with specifically designed experiments.
The Fe fractions present as the sum of poorly crystalline and crystalline
Fe oxides (fractions II-IV) in treated soils were similar during both
seasons, but the fraction of the residual Fe increased significantly in the
second season, on average from 30 to 50 % to 67-91 % of the total soil
Fe. A significant increase in the residual Fe fraction was observed in
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earlier studies where Fe amendments were used for As immobilisation,
which was attributed to newly formed precipitates (Kumpiene et al.,
2012).

The exchangeable fraction (fraction I) was not present in the un-
treated sand, but increased to 296-441 mg kg ! after the EK-treatment.
Similarly, an increase in this Fe fraction was also observed in peat (to
767-932 mg kg~!). The exchangeable fraction is the most labile, but
over time might recrystallize into more stable Fe oxides, by this,
contributing to new sorption sites for As. Indeed, this fraction decreased
during the second year, although it is not clear whether it recrystalised
to other fractions or got desorbed (exchanged). The sequential extrac-
tion of As after the first season showed that, in the EK-treated sandy soil,
a higher As fraction (by 58 %) was bound to Fe oxides (fractions Il and III
combined) compared with the control (Fig. 4a). However, this was not
observed in the peat, confirming earlier reports that dissolved organic
matter can prevent reactions between As and secondary Fe oxides (Kim
et al., 2015).

At the end of the second season, the distribution of As among the soil
fractions of the treated soils was similar to that observed during the first
season, except for an increase in the organic matter-bound As fraction at
several sampling locations (fraction V, Fig. 4c), the reasons for which are
unclear. Usually, sorption of As to organic matter is hindered by elec-
trostatic repulsion between negatively charged arsenates and organic
molecules, but formation of ternary complexes of As-cationic metal-OM
in solution were suggested to be the principle mechanisms describing
the association between OM and As (Redman et al., 2002). Indeed, a
significant increase in Fe concentration bound to organic matter (frac-
tion V) was observed in the treated soils, which might have acted as a
bridge for As binding. Nevertheless, as discussed earlier, Sundman et al.
(2015) had raised doubts about the formation of such complexes,
although their study was conducted in solutions.

A decrease in the exchangeable fraction was observed at the end of
the experiment compared with the first season (on average from 13 to
21 % to 7-12 % of the total soil As). Overall, the decreased As concen-
tration in the exchangeable soil fraction, as well as in soil porewater
indicate that EK-enhanced As immobilisation in soil could have
occurred. Decreased concentration of As in soil solution and the
exchangeable fraction, along with the decreased plant uptake, are often
used among indicators of the soil remediation success in Fe-amended
soils (Moor et al., 2000; Kumpiene et al., 2006; Chen et al., 2015; Kim
et al., 2016).

3.6. Effect of EK on As uptake in plants

The P. arundinacea harvested from control soil showed higher As
concentrations (51.85 mg kg™!) than grass harvested from the EK-
treated soil (14.88 mg kg™1), in line with the suggestion that EK treat-
ment can reduce As mobility (Fig. 5). Uptake of As by reed canary grass
in this study only reflects the effects of EK on peat because the plant
roots were located in this soil layer.

Plants are often used as one of the main bioassays for the evaluation
of impact of soil amendments on changes in metal(loid) bioavailability
in treated soils (Vangronsveld et al., 2009; Chen et al., 2015; Kim et al.,
2015). In many such studies, decreased plant uptake of As in Fe amen-
ded soils has been observed, although not always (Hartley and Lepp,
2008; An et al., 2019), indicating that other factors than reduced con-
centration of dissolved metal(loid)s (e.g. nutrient deficiency) can affect
plant growth and contaminant accumulation.

4. Conclusions

An attempt to apply electrokinetic soil treatment for the immobili-
sation of As in situ showed promising results in terms of decreased dis-
solved, exchangeable, and phytoavailable As in the soil. During the two
seasons of the outdoor experiment, the dissolved As concentration
decreased in both peat samples and one sand sample, and 55 % of the



K. Johansson et al. Science of the Total Environment 918 (2024) 170656

a b

100% 100%
90% 90%
& 80% < 80%
_§ 70% = 70%
o
c 60% £ 60%
£ 50% 5 50%
£ 40% g 40%
§ 30% = 30%
£ 20% = 20%
10% 10% I I I I I
0% - oo ome 0%
RN I TN B e RNl DogolanvanodEE RS
EErEte3%383%3%E% ELEECES23S28E%ES
— Fa fa - Fa fa>E3SEH - o For Fa+a>2bBE>5E
g E fFE A 5 5 [ = L. 2 =
Sample Sample
B | Exchangeable Fraction M | Exchangeable Fraction
= |l Fe(lll)oxyhydroxide Fraction m |l Fe(Ill)oxyhydroxide Fraction
M |1l Fe(lll)oxide Fraction M |ll Fe(lll)oxide Fraction
B |V Fe-Mn-oxide Fraction M |V Fe-Mn-oxide Fraction
V Organic matter and secondary sulfide Fraction V Organic matter and secondary sulfide Fraction
M VI Residual Fraction M VI Residual Fraction
C d
100% 100% FIERi i
o LTV LLE] :
X 80% s 80%
é 70% = 70%
e 60% 2 60%
o
£ 50% S 50%
£ 40% S 40%
§ 30% T 30%
o
é’ 20% = 20%
10% I 10%
0% I m - O - e W = - l I - . 0%
ZONDLRTeNEYNEESS DRI TREESS
Foerpregrgoveaonacb oo - L L I L T = -
— a N nng nZz + 2z + B n . nunyg nZz t+ 2z +
- oo |—n.+o.D'£:>'£ — e |—u.+o_:)'£3|£
T e = (LA . FEE 35
Sample Sample
B | Exchangeable Fraction B | Exchangeable Fraction
1l Fe(Ill)oxyhydroxide Fraction m 1l Fe(Ill)oxyhydroxide Fraction
M |Il Fe(lll)oxide Fraction M |Il Fe(lll)oxide Fraction
M |V Fe-Mn-oxide Fraction M |V Fe-Mn-oxide Fraction
V Organic matter and secondary sulfide Fraction V Organic matter and secondary sulfide Fraction
m VI Residual Fraction M VI Residual Fraction

Fig. 4. Fractionation of (a) arsenic the first season (b) iron the first season (c) arsenic the second season (d) iron the second season, after EK treatment (T and T + P)
compared to control (UNT and UNT + P) in peat (Pt) and sand (Sa) on samples taken from the centre of the box (C), and from the areas around the electrodes (E1
and E2).

porewater samples reached As concentrations below the WHO guide- canary grass (Phalaris arundinacea) transplanted into the peat soil layer
lines for drinking water (0.01 mg L™1). Simultaneously, the exchange- in one of the experimental boxes accumulated considerably lower con-
able As concentration in all treated soils decreased over time. Reed centrations of As in shoots compared with the untreated soil, coinciding
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Fig. 5. Arsenic concentrations in grass harvested from EK treated soil
compared to control.

with decreased As availability in soil porewater and the exchangeable
soil fraction.

However, a prolonged period of soil saturation caused a redox drop
and consequent remobilisation of the previously bound As in the second
sandy soil sample. This demonstrates, once again, the importance of
maintaining soil redox values in the positive range for the stability of
bound As, and when using EK for stabilisation, further method optimi-
sation is necessary to avoid redox fluctuations during soil treatment.

Overall, this study shows that EK treatment induced chemical
changes in the soil, leading to the immobilisation of As despite the minor
corrosion of Fe oxides and limited supply of additional Fe to the treated
soil. Further studies are required to clarify the role of additional Fe in As
immobilisation in soil versus the activation of indigenous Fe by
electrokinetics.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2024.170656.
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