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Abstract

Arsenic (As) is a well-known highly toxic and carcinogenic element. A
combination of electrodialytic remediation (EDR) after soil washing with
flocculant addition targeting remediation of a soil polluted with As from
wood preservation industry is the focus of this paper. The fine fraction (< 
0.063 mm) from the washed soil after dry sieving was also considered. The
EDR experiments were carried out in a 2-compartment cell applying
0.01 mA/cm  during 14, 7 and 3 days. The suspended soil slurry was placed
in cathode compartment separated by anion exchange membrane (AEM) of
the anolyte where the pH was kept at 10. The soil was highly polluted with
As, and the EDR was able to remove between 50 and 80% corresponding to
400–478 mg As/kg of soil. The major part of the As was removed within the
first 3 days (63%), and approx. 10% more of As was released doubling the
time of the experiment: 72% in 7 days and 80% in 14 days. The pre-treated
soil showed higher As initial concentration, but did not show a clear
advantage in terms of removal rate as the original soil (not washed or sieved)
showed 80% of As removal comparing with 61% and 50% for washed and
fine fraction, respectively (although the absolute removed concentration was
similar). The sequential extraction results confirmed that As was bound into
more mobile fractions in original soil, and the higher removal was mainly due
to its larger exchangeable and reducible fractions compared to the oxidizable
and residual fraction in pre-treated soil.
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Soil washing

1.  Introduction
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Arsenic (As) is a metalloid naturally found in the environment, but it is widely
present in soils in problematic concentrations mainly due to human activities
(Sauvé and Desrosiers 2014). It is leaked and accumulated in the soil during
mining, agricultural use of pesticides, and the disposal of industrial wastes
(Chen et al. 2016). As-contaminated soil is strongly linked to the wood
preservation industry, which is considered a worldwide problem over the past
several decades (Nico et al. 2004).

High total and bioavailable concentrations of As in soils represent a potential
risk for surface and groundwater contamination, entering in the food chain
(Arco-Lázaro et al. 2016). The adverse health effects and the negative
environmental impact explain the increasing interest in As abundance,
behaviour and remediation, being As considered a legacy contaminant of
emerging concern (Ungureanu et al. 2015) and one of the top 10 of the
chemicals of major concern considered by World Health Organization (WHO
2018).

Many researches have been conducted to develop physical, biological, thermal
and chemical methods to allow the rehabilitation of contaminated sites with As,
e.g. oxidation (Mondal et al. 2013), soil washing (Kumpiene et al. 2017),
phytoremediation alone and coupled with electrokinetics (Couto et al. 2015a),
and also electrokinetics alone (Kim et al. 2005).

Among remediation technologies, soil washing is one of the most common
technique used to extract heavy metals or metalloids adsorbed onto soils (Jang
et al. 2005). The washing water from the overall operation contain considerable
concentrations of suspended particles and consequently also As. Recirculation
of the water during the soil washing is thus possible only after clean-up of the
washing solution where a flocculant may be added for a faster settling of the
particles that float on top of the slurry (Kumpiene et al. 2017). Soil washing can
also be improved by a physical separation like sieving as it concentrates the
metals in smaller volumes (the fine fraction) reducing the volume that needs to
be handled. However, this fine fraction still need to be treated (Liao et al. 2016).

Electrodialytic soil remediation (EDR) has been investigated as a technique to
clean up a broad range of contaminated matrices under the influence of an
electric field generated between electrodes, and using ion exchange membranes
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to separate (physical and chemical) the contaminated matrix from the
electrolytes, e.g. (Couto et al. 2015b; Guedes et al. 2016; Parés Viader et al.
2017). Previous published research underlines that As is among the pollutants,
which is more difficult to remove from soil and different strategies applying
EDR have been studied to enhance the removal rates. Simultaneous removal of
Cu, Cr and As by EDR from soil suspended in ammonium citrate was in focus
in (Ottosen et al. 2009), but even though, the simultaneous removal was
obtained to some extent (95% Cu, 74% Cr, and 61% As). The EDR success
without addition of agents that potentially enhance the removal of As in a three
compartment cell was reported as limited, e.g. 35% of removal from a Danish
soil (Ottosen et al. 2009) and 51% from a Portuguese soil as best results
(Ribeiro et al. 1998). By mixing ammonia into the soil, the removal improved
and As was reduced from 900 to 90 mg/kg in some parts of the Danish soil
(Ottosen et al. 2009). Still, the obtained concentration, for both cases, did not
meet the limiting value of soils in Denmark (20 mg/kg) (Miljøstyrelsen (Danish
EPA) 2015) and more studies are needed regarding As removal from soil
applying EDR.

The purpose of the present work was to study the impact of the soil washing
with flocculant and size separation prior to EDR. The work follows an initial
study, where the EDR set-up achieved 74% removal corresponding to 500 mg
As/kg of soil (Ferreira et al. 2016). The setup is designed so an alkaline pH is
maintained in the soil suspension all through the treatment, as high pH has
shown to achieve the best As removals in the experiments previously reported.

2.  Materials and Methods

2.1.  Experimental Soil
Soil was sampled from the top layer at an abandoned wood preservation site
(the Collstrup site in Hillerød, Denmark). Soil was excavated from a 1-m deep
trench, and the grass turf was removed before excavation.

The original soil was washed with water at a German industrial soil washing
facility. The washing process consists of a series of mechanical separation steps
in a closed system, where the soil slurry runs through, aiming to separate the
coarse fractions from the fine fractions. please change the setence to "(...) aiming
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to separate the fractions (coarse and fine)."  A flocculant was added in the 80 m
of water in a closed system to a faster settling of the fine particles and the
possibility to separate them from the water. The flocculant is a high molecular
weight anionic polyacrylamide flocculant supplied as a liquid dispersion grade
(0.2% polymer-based flocculant, Magnafloc 120 L from BASF), which forms
inter-particle bridges that draw colloids into larger aggregates.

The washed soil was dry-sieved in the laboratory and subjected to automatic
shaking in a 0.063-mm sieve positioned in a vibrating screen instrument where
fine fraction (< 0.063 mm) was obtained.

The soil is termed “original” if it is not washed, and “floc” when it is the soil
fraction received after washing at the German soil washing plant. The fine
fraction obtained after dry-sieved of the washed soil floc was named as “FF
floc”. The sequence of the experimental process for the soil studied is shown in
Fig. 1.

Fig. 1

Experimental soil (original, washed and fine fraction) used in EDR experiments

2.2.  Analysis of Soil Characteristics

3
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The soils were characterized by the following parameters: As concentration, pH,
conductivity, organic matter, carbonates contents and grain size distribution.
Scanning electron microscopy with energy dispersive X-ray spectroscopy
(SEM-EDX) analysis was also carried out.

The As concentration was measured after digestion following the method
describes in Danish Standard (DS) 259 (Danish Standard DS 259 2003):
20.0 mL of 10 M HNO  was added in 1.00 g of dry soil and heated at 200 kPa
(120 °C) for 30 min. The liquid was separated from the solid particles by
vacuum through a 0.45-µm filter and diluted to 100 mL. The As concentration
in the filtrate sample was analysed by inductively coupled plasma–optical
emission spectrometer (ICP-OES). A blank was analysed between samples to
guarantee the quality of the results. In addition, quality control standard
solutions were run periodically between the samples.

Soil pH was measured by suspending 5.00 g of dry soil in either 20 mL or 1.0 M
KCl in distilled water. After 1 h of agitation, pH was measured using a
radiometer pH electrode. Conductivity was measured by suspending 10.00 g of
dry soil in 25 mL distilled water and after 30 min agitation.

The content of organic matter was found as a loss on ignition after 1 h at
550 °C. Carbonate content was determined volumetrically by the Scheibler
method in which 2.50 g of soil reacts with 20 mL of 10% HCl. The carbonate
amount calculated was assumed to be exclusively calcium carbonate.

The grain size distribution was obtained by means of laser diffraction method
performed with Mastersizer 2000 (Malvern Instruments). The measurements
were conducted in a liquid dispersion with a peptising agent.

2.3.  Desorption of As as a Function of pH
AQ1

The effect of pH on As desorption was assessed by suspending 2.5-g dry
original soil in 25 mL HNO  or 25 mL NaOH with concentrations of 0.01 M,
0.05 M, 0.1 M, 0.5 M and 1.0 M. After filtration (0.45 µm), the As
concentrations were measured in the liquid phase by Varian 720-ES ICP-OES.
Extractions in distilled water were made as reference. Extractions were made in
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duplicate.

2.4.  Sequential Extraction of As
Sequential extraction was performed based on the improvement of the three-
step method (also known as BCR), with an extra residual step. The method is
described in Standards, Measurements and Testing Program of the European
Union (Pueyo et al. 2008). The dried soil was crushed, and 0.5 g was treated in
four steps as follows:

(1) Exchangeable and acid soluble: extraction with 20.0 mL of 0.11 M acetic
acid (CH COOH) (pH 3) for 16 h;

(2) Reducible: extraction with 20.0 mL of 0.1 M of hydroxyammonium
chloride (NH OH·HCl) (pH 2) for 16 h;

(3) Oxidizable: consists of a change from reducing to oxidizing condition and
is performed by extraction with 5.0 mL of 8.8 M of hydrogen peroxide
(H O ) for 1 h and heating to 85 °C for 1 h with a lid followed by
evaporation of the liquid at 85 °C until it had been reduced to less than
1 mL by removal of the lid. The addition of 5.0 mL of 8.8 M H O  was
repeated, followed by resumed heating to 85 °C for 1 h and removal of
the lid for evaporation until almost dry. After cooling, 25.0 mL of 1 M
(NH )OOCCH  (pH 2) was added, and extraction lasted for 16 h;

(4) Residual fractions: digestion according to DS 259 (described above).

Between each step (excluding the residual fraction), the sample was centrifuged
at 3000 rpm for 15 min, and the supernatant was decanted and stored for ICP-
OES analysis. Before the addition of each new reagent, the sample was washed
for 15 min with 10.0 mL of distilled water and centrifuged at 3000 rpm for
15 min, and the supernatant was then decanted and discharged. All extractions
were performed at room temperature, and samples in each step were made in
duplicate.

2.5.  Experimental Setup
The EDR experiments were carried out in a cylindrical Plexiglas cells with two
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compartments (anode and cathode) with an internal diameter of 8 cm. The
cathode compartment with the soil slurry was 10 cm, whereas the anode
compartment was 5 cm long. The experimental cell is in Fig. 2. An overhead
stirrer was used to stir the soil slurry. The anolyte was circulated by a Plastomec
pump model P05 between the chamber and a glass bottle. The anion exchange
membrane from Ionics (AEM, AR204 SZRA B02249C) separated the
compartments. The electrodes were platinized titanium bars (length of 5 cm and
diameter of 3 mm) obtained from Permascand®. The power supply (Agilent
E3612A) was used to maintain a constant DC current.

Fig. 2

Schematic representation of the electrodialytic laboratory 2-compartment cell
used in experiments: anode compartment with pH adjusted to 10 and soil slurry in
cathode compartment. The separation between soil slurry and anode compartment
was made through an anion exchange membrane (AEM)
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2.6.  Electrodialytic Experimental Conditions
The EDR experiments were performed according to the conditions summarized
in Table 1. The cathode compartment was filled with 50 g of dry soil and
350 mL distilled water corresponding to a liquid/solid ratio (L/S) of 7. The
anolyte was 500 mL of 10  M NaNO  with pH adjusted to 1 with 5 M NaOH
solution. Throughout the experiment, the pH was adjusted whenever needed.
During the experiments, pH and conductivity of the soil slurry and voltage were
measured twice every 24 h.

Table 1

−2
3
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Experimental conditions
AQ2

Soil
code Pre-treatment Time

(days)
Current density

(mA/cm ) L/S

Original No 14 0.01 7

Floc Washing 14 0.01 7

FF floc Washing and
sieving 14 0.01 7

Original No 7 0.01 7

Original No 3 0.01 7

At the end of the EDR experiments, the content of As in the different parts of
the cell (membrane, electrodes, soil, catholyte and anolyte) were analysed by
ICP-OES. The suspended soil from the central compartment was drained
through filter paper to separate the solids from the liquid phase, and water
content was measured too. The solid phase was dried (105 °C), crushed by
hand, digested and analysed as described in Sect. 2.2. Membrane and electrodes
were soaked in 1 M and 5 M HNO , respectively, for 24 h prior to analysing As
in the liquid phase by ICP-OES.

3.  Results and Discussion

3.1.  Experimental Soil
The soil characteristics are listed in Table 2. The soil has a sandy loam texture
(6% clay, 43% silt and 51% sand) with a low carbonate content, which means a
low buffer capacity. The organic matter content was more than 10%, and the pH
is close to neutral being similar among all the studied soils.

Table 2

Initial characteristics of soils in study

Soil
code

Grain size
distribution (%) As

(mg/kg) pH pH Conductivity
(mS/cm)

Carbonate

Clay Silt Sand

2

3

KCl H2O

http://eproofing.springer.com/journals_v2/printpage.php?token=hkpedorUM1Cu4f5p0eQASonEJEZmkGHO0VXOXgfIZHQt9JJ0LXpuHRan5l-pTpsx#
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The analysis of the soil fractions showed that grain size distribution did not
change as expected after washed in the industrial facility. Visually, it was
evident, that the soil washing at the industrial facility had not been effective in
separating the soil into a coarse fraction and a fine fraction, as sand was easily
seen whereas the fine fraction was lumped together. Figure 3 shows the soil
particles for the original soil, and the washed soil was analysed by SEM-EDX.
Only after dry sieved in the laboratory, the fine fraction (< 0.063 mm) was
obtained. Attachment of small particles might be the reason of the inefficient
size fraction separation in soil washing. The flocculant addition to faster settling
the particles in suspension could have formed flocs with strong bridging
mechanism making the size separation fraction through washing not so efficient.

Fig. 3

SEM-EDX of (a) original and (b) washed soil

The results showed that the site where the soil was collected was heavily

Original 6 43 51 594 ± 79 5.4 ± 0.05 6.3 ± 0.3 0.19 2.2 ± 0.2

Floc 3 41 56 784 ± 5 6.3 ± 0.03 6.7 ± 0.3 0.20 1.5 ± 0.2

FF floc < 0.063 mm 804 ± 4 6.0 ± 0.3 6.2 ± 0.3 0.60  
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contaminated with As. The As concentration in the original soil exceed the soil
quality criteria in Denmark (20 mg/kg) by 30 times (Miljøstyrelsen (Danish
EPA) 2015). The As concentration in original soil was significantly different (p 
< 0.05) comparing with washed and fine fraction. However, between washed
and fine fraction, no differences were found (p > 0.05). In general, it can be
expected that metal pollutants are concentrated in the soil fines due to the larger
surface area and the higher number of adsorption sites, which is also the general
basis for separating the soil into a potentially non-polluted coarse fraction and a
polluted fine fraction in soil washing methods. The similar concentration in
washed and fine fraction can be explained by the fact that the industrial soil in
the present study had a very high concentration of As, and surface adsorption
processes might be overpowered by surface (co)-precipitation, which can occur
on the particles of any size (Kumpiene et al. 2017). Other studies also showed
the inefficiency of soil sieving systems in laboratory set ups, e.g. (Xu et al.
2014) and to have the higher pollutants concentrations in both 0.063 mm and
fractions larger than 1.0 mm e.g. (Liao et al. 2016; Ottosen et al. 2009).

3.2.  Desorption of As as a Function of pH
Figure 4 shows the fraction of As extracted from soil at different pH values. The
results showed that most part of the As (80–98%) is desorbed from soil (original
or pre-treated) either under highly acid 0.1 < pH < 0.4 and alkaline pH values
pH > 12. The As desorption was less than 20% in the pH range of 1 to 8. The
mobility of As in soil is mainly controlled by adsorption/desorption processes,
and it was shown to be highly dependent on extreme pH conditions.

Fig. 4

Desorption dependency on pH of As in original soil, washed (“Floc”) and the fine
fraction from washed soil (“FF floc”)
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3.3.  Electrodialytic Experiments

3.3.1.  General Parameters

The pH, conductivity and voltage of the ED system were controlled over the
time. The pH of the soil slurry increased to 10 after 24 h of applied current and
faster (less than 24 h) increased to 11, remaining constant until the end of the
EDR. The pH increase was due to the production of OH  ions at the cathode.
The anion exchange membrane is not 100% ideal, and thus, some of the acid
generate at the anode might pass to the soil slurry (Ottosen et al. 2000). With
the pH adjustments in anolyte, the pH at catholyte increases fast as exchange of
H  ions from the anolyte and with other cations from the soil slurry is covered
by NaOH addition (Ferreira et al. 2016). The feasibility of the conditioning
anolyte with strong basic solution was studied by (Kim et al. 2009) and (Baek et
al. 2009), and less energy expenditure was registered comparing without pH
adjustments. This fact shows to be an advantage for ED soil remediation as

−

+
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energy consumption used to be a critical factor to evaluate the feasibility of the
technology.

The conductivity and voltage of the soil slurry during the EDR experiments are
shown in Figs. 5 and 6, respectively. The conductivity increased until the end of
the experiments, with the exception of FF floc soil, where a slightly decrease
within the first 2 days was seen due to depletion of ions from soil slurry. The
voltage behaved as expected from the conductivity results. For instance, when
there is depletion of ions from soil slurry, the voltage across the cell increased
due to electrical resistance. The voltage increase during the experiments is
justified by the production of OH  and also release of ions from the soil to
catholyte that stabilized over the time.

Fig. 5

Conductivity variation in the soil slurry during the EDR

Fig. 6

Voltage over the cells during the EDR

−
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3.3.2.  As Removal by EDR

The results obtained in the EDR experiments with the original and pre-treated
(washed and sieved) are in Table 3.

Table 3

Overall results of EDR experiments

Soil
code

Initial amount of
As (mg/kg)

As removal from
soil (mg/kg)

As removal
from soil (%)

Mass
balance

(%)

Original 594 ± 79 475 ± 4 80 77

Floc 784 ± 10 478 ± 2 61 94

FF floc 804 ± 4 400 ± 10 50 81

The mass balance of As is defined as the relation between the sum of mass
found in the different parts of the cell at the end of the experiment and the
initial mass calculated on basis of the mean initial concentration. The mass
balances ranged between 77 and 96%, which is considered an acceptable range
as imperfect mass balances are expected considering inhomogeneous
distribution of the As in the industrially polluted soil (Jensen et al. 2007).
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The As removal in percentage was calculated as the total mass of As at the end
of the experiment minus the part in the soil divided by the total mass found in
all parts of the cell at the end of the experiment.

When applying EDR, the results showed between 50 and 80%, corresponding a
400 to 478 mg As/kg of soil. The oxygen and carbon dioxide concentrations in
suspended ED cell can be assumed to be in equilibrium with the atmosphere,
which allows for oxidation of As (III) to As (V) as an oxyanion such as
H 2 subscript As  , HAs  or As  , which could be transferred to the
anolyte. At pH above 7, HAs  is expected to prevail (Wang and Mulligan
2006). This anion will migrate to anolyte through the AEM under the applied
electric field. The ligand displacement reaction of hydroxyl ions with As
species and high pH conditions prevents the re-adsorption of the metalloid (Jang
et al. 2005).

Comparing the removals between the three soils, the amount of As removed
from original soil was 20% higher and mostly recovered in the electrolyte
(Fig. 7). Even though the concentration of As showed to be statistically (p < 
0.05) higher in washed and fine fraction, higher removal percentages were not
achieved and can be justified by the strength between soil particles and As.

Fig. 7

Distribution of As (%) in the different parts of the electrodialytic cell at the end of
the EDR experiments

O−
4 O2−

4 O3−
4

O2−
4
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The binding strength between soil particles and As before and after EDR was
analyzed by sequential extraction (Fig. 8). The results show that As was mainly
associated with the exchangeable and reducible phases before remediation for
the three types of soil. However, it should be noticed that oxidizable fraction
was higher for the pre-treated soil. After EDR, most part of the As in the
exchangeable fraction was removed, with the less available fractions (oxidizable
and residual) increasing mainly for the pre-treated soils. This proves that
removing As from original soil might be easier because As is preferentially
bound to Fe and Mn oxides (reducible fraction), instead of oxidizable (large
fractions of sulphides) and residual fractions, which is reported to be more
difficult to remove (Kim et al. 2001).

Fig. 8
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Distribution of As in the different fractions of the soil (original soil, washed and
fine fraction) before and after EDR experiments analysed by sequential extraction
method (n = 2)

3.3.3.  EDR Time Optimization

The time of the treatment is an important parameter in order to make the ED
process more efficient, and experiments with 7 and 3 days were also carried out.
The pH of the soil slurry was increased until 11, and the voltage decreased
during the experiments, due to the decrease in electrical resistance across the
cell with the consequently increased of the conductivity (Table 4).

Table 4

Final pH, conductivity and voltage drop for the EDR for 14, 7 and 3 days
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Soil code Time pH Cond  (mS/cm) Volt  (v) Volt  (v)

Original 14 11.2 3.4 10.1 3.5

Original 7 11.1 1.2 10.8 6.6

Original 3 10.9 0.5 13.0 7.9

An overview of the As removals for the experiments is given in Fig. 9. Around
10% more of As was removed from soil doubling the time of the experiment:
80% in 14 days, 72% in 7 days and 63% in 3 days. The results show that most
part (63%) of the As was released from soil within 3 days and is slowly
desorbed from soil over the time. However, for 14 days, 36% more of As was
found in anolyte and less 22% in membrane comparing with 3 days. The
presence of As in the membrane is similar when comparing the 14 and 7 days
experiment (only 3% of difference), but 3 days did not show to be enough for
As migration through the AEM towards anolyte. These results are promising
showing that similar amount of As can be removed in shorter periods of time
than 14 days making the EDR more efficient. Further studies should focus on
EDR optimization regarding As mobilization towards electrolyte in short
periods of time.

Fig. 9

Distribution of As in different parts of the ED cell for different periods of time
(14, 7 and 3 days)

f f i f
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4.  Conclusions
The soil from wood preservation site showed to be highly polluted with As,
exceeding 30 times the soil quality criteria in Denmark (20 mg/kg). The EDR of
As-contaminated soil showed removals between 400 and 478 mg As/kg of soil
corresponding to 50–80% of removal. Most part of As (63%) was removed
within the first 3 days. The pre-treated soil (washed and sieved) showed higher
(p < 0.05) As concentration in soil, but higher removal efficiencies were not
achieved being As mainly present after EDR as residual and oxidizable form,
which was likely the main barrier for As desorption from soil.
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