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ABSTRACT
Electrodialytic remediation is a method based on electrokinetics, in which an electric field of low
intensity increases the availability of pollutants in solid waste materials. The electric field induces
processes that mobilise and transport inorganic and organic pollutants. The transport of ions in
the electrodialytic cell is controlled by employing ion-exchange membranes, allowing separation
of the electrodes from the solids. In this study, using a two cell design, electrodialytic
experiments were conducted to compare remediation of a heavily oil-polluted soil from
Arkhangelsk, Russia. The 2-compartment cell has not previously been employed for
electrodialytic removal of organic pollutants and was tested along with the traditional 3-
compartment design. The influence of experimental variables (current density, remediation time,
stirring and light) and settings on the two cell designs was investigated. The highest removal
(77%) of total hydrocarbons (THC) was observed in the 3-compartment cell at high current
density (0.68 mA/cm2), longer remediation time (28 days), stirring and exposure to daylight. High
current density and stirring increased the removal efficiencies in both cell designs. Within the
studied experimental domain, the removal efficiencies in the 3-compartment cell (10–77%) were,
however, higher than those observed in the 2-compartment cell (0–38%).
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Introduction

Due to human activities, pollutants have been and
still are, discharged into the environment, where
they may become new sources for pollution. Pollu-
tants may affect the environment, both locally and
globally, if the concentrations exceed quality criteria
for soil. The composition of the pollution varies in
complexity and may include inorganic pollutants,
mainly heavy metals, as well as organic substances,
e.g. polycyclic aromatic hydrocarbons (PAH), poly-
chlorinated biphenyls (PCB) and tribytultin (TBT). Poly-
cyclic aromatic hydrocarbons consist of two or more
fused benzene rings [1,2] and the concern that they
may be mutagenic and/or carcinogenic[3] makes

them important as targets for removal from contami-
nated soils [4].

After identifying potential pollutants, a treatment
method must be selected based on the amount of
material to be remediated, cost, regulatory consider-
ations and method efficiency. It is also important to
decide whether treatment is to be performed in situ or
if polluted material is to be excavated, transported and
treated elsewhere. Bioremediation [5–8], incineration
and washing are methods that have been employed in
addition to other physico-chemical methods. In this
respect, electrodialytic remediation (EDR) is a technology
which has proven viable for removal of heavy metals [9],
PAH [10] as well as herbicides [11] from polluted soil. The
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method is based on the same principles as electrokinetic
remediation (EKR), in which an electric field is applied
directly to the soil, subsequently desorbing heavy
metals and making them available for removal via the
electric current [12]. The main difference between EKR
and EDR is that in the latter, membranes are employed,
thus separating the treated material from the electrodes
that are immersed in electrolytes. In addition to causing
water splitting at the membrane surfaces, the electric
current also induces redox reactions resulting in possible
degradation of pollutants. Electrokinetic treatment of soil
has been shown to enhance bioremediation [13,14],
possibly by dispersing nutrients and microorganisms
throughout the soil. Weakly charged bacteria may be
transported by electroosmosis or electrophoresis.

Multivariate design and analysis [15] are statistical
tools for extracting information from large sets of data
and has been extensively used in industrial processes
to optimise production by eliminating undesired by-pro-
ducts and/or determining optimal settings. It has been
found to be useful for tracing pollutant sources [16]
and has been applied to optimising electrodialytic reme-
diation [17].

The selection of experimental design depends on the
initial objectives of the experimental work. In order to
achieve this a three-step approach may be employed:

(1) To define an experimental domain to be investigated
(2) To screen experiments in order to identify significant

variables / interaction effects
(3) To determine optimum settings of all variables

The third step is optional and may not be necessary if
acceptable results are achieved from the initial
experiments.

Variables may be continuous (e.g. liquid/solid ratio,
electrical current, time) or discrete (e.g. stirring/no stir-
ring, light/no light) and the extreme settings of these
variables define the experimental domain. A two-level
factorial design with k-factors thus consists of 2k exper-
iments, with each variable being varied between a high
and a low setting. If the number of variables is high or
if experiments are time-consuming, a fractional factorial
design may be chosen. A fractional factorial design is
constructed as a fraction of a 2k complete factorial
design, resulting in a 2k-x design. Experiments should
be as widely distributed as possible, in order to cover a
maximum variation over the experimental domain [15].

Electrodialytic remediation cells consisting of 2–5
compartments have been developed for different appli-
cations [18]. The original cell design consisted of 3 com-
partments; a centre compartment containing the
polluted media and two end compartments in which

electrodes were placed and electrolytes are circulated.
Ion-exchange membranes between the different com-
partments control the transport of ions between the
cells. The 3-compartment cell appears to be more vulner-
able to pH changes in the electrolytes in regards to
proton leakage and therefore, a 2-compartment cell
was recently designed [19]. In this design, the anode is
placed directly in the polluted material and a cation
exchange membrane separates the polluted material
and cathode compartment.

Previous research has shown that these remediation
techniques seem particularly effective in low-permeability
soils, which are difficult to treat by conventional methods,
because of their high sorption capacity and their low
permeability [19]. Fewer studies have been conducted
with the 2-compartment cell and the influence of exper-
imental variables on EDR in this design has not been as
well documented as for the 3-compartment cells. A
recent study compared the removal efficiencies of metals
from different polluted materials in the 2- and 3-compart-
ment cells [20]. The 2-compartment cell has however not
yet been employed for organic pollutants and it was there-
fore decided to compare the different cell designs for the
efficiency of removal of organic pollutants.

Materials and methods

Sampling

Contaminated soil was collected from Cape Knevatyi,
Arkhangelsk oblast in northwest Russia. Originally the
landfill, a part of Nikolsky Island, covered 60,000 m2,
but due to erosion, the size of the site today is only
half of the original size. The eroded material ends up in
the Northern Dvina River, which contributes 70% of the
river runoff into the White Sea. Three pits with diameters
ranging from 15–50 m and located between 20 and
100 m from the riverbank had been used to store oil-con-
taminated water discharged from vessels during the
1970s. Over time, pollutants have dispersed into the riv-
erbank and observation uncovered an area of approxi-
mately 2500m2, down to depths of approximately 3 m,
polluted with hydrocarbons. Closer inspection of the
topsoil layer revealed hotspot areas at 0.5–1.5 m depth.

The soil samples used in the study were collected by
drilling (Ø = 63 mm) to a depth of 1.0–1.5 m. Samples
were kept refrigerated during transport and stored
frozen until they could be utilised.

Soil characteristics

The sandy soil used for the EDR experiments had a low
content of carbonate and organic matter resulting in a
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low buffer capacity. The concentrations of metals in the
soil were low, which may be because of the low
content of clay and silt (< 2%), while concentration of
hydrocarbons was high. The high content of heavy frac-
tions (C12–C35) indicates that the hydrocarbons originate
from the oil that has been deposited over the years,
Table 1. The soil contained approximately 22,000 mg of
hydrocarbons per kg, which is equivalent to more than
20 times the Russian soil quality criteria. During the
sampling, a strong odour of oil products and free
phase oil in the subsurface water in the drilling hole
was observed.

EDR experiments

For the electrodialytic removal of hydrocarbons, 2- and 3-
compartment cells were employed. A 3-compartments
cell was constructed from plexi-glass, with all compart-
ments having an interior diameter of 8 cm. The central
compartment, holding the polluted soil suspension,
measured 10 cm and the two adjacent compartments,
containing platinum-coated titanium electrodes
immersed in electrolytes, measured 3.5 cm In order to
separate the central compartment from the electrolyte
compartments, ion exchange membranes from Ionics
(anion 204SZRAB02249C and cation CR67HUYN12116B)
were used. Electrolytes (350 mL) consisted of NaNO3 in
distilled water (0.01M) and were circulated through

external containers by means of an Ismatec Reglo
pump with a flow rate of 10 mL/min. pH 2was main-
tained by regular addition of HNO3 (5M). A Hewlett
Packard E3612A power supply was used to maintain a
constant DC current. Stirring of the soil suspension was
achieved using a glass wand with Teflon flaps run by a
CATR14 motor. The 2-compartments cell was in all
respects identical, except that the anode was placed in
the sample compartment. Organic content was
measured based on loss of ignition of dried sediment
(2.5 g, 550°C, 1 h).

Experimental design

Based on the results from the previous study [17], three
variables (current density, stirring/no stirring and light/
no light) were chosen for the 3-compartment cell,
while time and liquid/solid ratio (L/S) were kept con-
stant.(The EDR cell was covered with aluminium foil in
order to simulate Arctic conditions). The influence due
to the variables was investigated by employing a 23–1

fractional factorial design consisting of 4 experiments
(exp. 1-4) based on a complete 23 factorial design, with
an additional centre-point experiment (exp. 5), as pre-
sented in Table 2.

In the study of the 2-compartment cell, stirring was
employed in all experiments while current density and
light/no light were varied. Introducing remediation
time as a variable results in a two 22 full factorial
design (exp. 6-9) with one experiment conducted in
the centre (exp. 10)

The influence of each variable is then calculated by
adding the result if the setting is high (+) and subtract-
ing if the setting is low (–) and then dividing by the
number of experiments. As an example, the influence
of current density for the 3-compartment cell would
result in:

(y1 + y2–y3–y4)/4

When fractional factorial designs are employed, inter-
action effects of two or more variables will be

Table 1. Sediment characteristics. Russian soil quality criteria
(QC) for organic priority substances are included.
Characteristic Units Value Russian QC

Carbonate % 0.3 ± 13%
Organic matter % 2.8 ± 8%
pH 3.9 ± 1.5%
Conductivity mS/cm 0.08 ± 6%
Grain size <63 µm % 1.7%
Acenaphtene mg/kg 0.74 ± 40%
Acenaphtylene 0.02 ± 40%
Anthracene 0.33 ± 40%
Benzo(a)anthracene 0.28 ± 40%
Benzo(a)pyrene 0.12 ± 40% 0.02
Benzo(b)fluranthene 0.21 ± 40%
Benzo(ghi)perylene 0.05 ± 40%
Benzo(k)fluoranthene 0.06 ± 40%
Dibenzo(a,h)anthracene <0.020
Phenanthrene 2.6 ± 40%
Fluoranthene 0.28 ± 40%
Fluorene 1.1 ± 40%
Indeno(1,2,3-cd)pyrene 0.02 ± 40%
Chrysene 0.95 ± 40%
Naphtalene 1.3 ± 40%
Pyrene 2.1 ± 40%
PAH16 10
PCB n.d.
C5–C8 <5.0
C8–C10 130 ± 30%
C10–C12 890 ± 30%
C12–C16 7700 ± 30%
C16–C35 13,000 ± 30%
THC, total 22,000 1000

Table 2. Experimental design.
Exp. Current density Stirring Light Time Cell design Result

(mA/cm2) (days) compartments

1 + – – 28 3 y1
2 + + + 28 3 y2
3 – – + 28 3 y3
4 – + – 28 3 y4
5 0 + + 14 3
6 + + + 28/42 2 z1
7 + + – 28/42 2 z2
8 – + + 28/42 2 z3
9 – + – 28/42 2 z4
10 0 + + 21 2
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confounded. However, interaction effects are usually
smaller, and the result can be interpreted as the effect
of each separate variable [15].

Results and discussion

From our earlier study of remediation in a 3-compart-
ment cell, it was clear that lower L/S ratio was beneficial
[17]. However, due to shortage of material, it was necess-
ary to perform the experiments in the 2-compartment
cell with a higher L/S ratio. This implied that the results
for the 3-compartment cell had to be repeated with
the same L/S ratio, in order to be able to compare the
results. Also, the remediation time was prolonged com-
pared to the previous study to see if higher removal
rates could be obtained.

Evaluation of EDR experiments

3-compartment Cell
A summary of the EDR results is presented in Table 3 and
calculating the influence of the variables shows that all
variables should be set as high. Setting current density,
stirring and light at high gives the best results, with a
removal of 77% of THC (exp. 2). When analysing for
any trends among the variables, it seems that current
density must be higher than 0.05 mA/cm2, but this
alone is not sufficient to obtain high removal efficiencies.
It appeared that variation in current density is con-
founded by both stirring and light. All variables have to
be high in order to obtain acceptable removal. When
the setting for both light and stirring is on (exp. 2 and
5) remediation seems to take place even if the current
density is lower, see experiment 5. Stirring has been
suggested to be beneficial for the EDR process by
increasing oxidation of the sample [21], thereby increas-
ing availability of pollutants and in addition ensuring
homogenous distribution of current and light through-
out the sample [22]. It may also be hypothesised that
oxygen has a positive influence on the bacterial commu-
nities present in the sample and it has previously been
acknowledged that contact between soil, bacteria,

nutrients and oxygen increases under the influence of
an electric field [23]. This is not confirmed in this study,
since the results are similar to earlier results, even
though there is a difference in removal rate. This is not
surprising since the L/S ratios were different. It is also
interesting that the centre-point experiment gives the
second highest removal of THC in only half of the exper-
imental time. This is an indication that the domain inves-
tigated may be too large and that future investigations
should concentrate on studying a narrower domain.

Even though the results when employing high current
density are ambiguous, it led us to extend the exper-
imental domain with regards to current density, while
keeping high settings for light and stirring, in order to
see if it was possible to obtain better remediation in a
shorter time (Table 4).

Increasing the current density to the limiting current
density of the EDR cell and soil [24] (Exp. A), it was poss-
ible to remove around 10% of the THC present in the
sample in two days. After this, the current dropped
rapidly. This is probably the result of depletion of ions
in the solution, as observed in previous studies [25].
For this reason, the experimental domain was extended
to include even lower current densities (Exp. B). It was
somewhat surprising that within 7 days it was possible
to lower THC in the sample by 30%. This result is of inter-
est, in that lowering current density decreases the energy
consumption andmay be of economic interest. However,
the lack of material prevented us from pursuing this work
at present consequently attention was focused on the
other cell design.

2-compartment Cell
This cell design has proven to be a good alternative
when heavy metals are to be removed from different
types of materials, depending on the metal, material
characteristics and experimental settings [20]. The
immersion of the anode in the compartment containing
the sample to be treated leads to faster acidification and
production of oxygen, which is of importance when
mobilising metals [20]. The effect on the availability of
organic pollutants has not previously been investigated.

Based on the results from the 3-compartment cell
experiments, it was decided to perform all experimentsTable 3. Removal efficiency for 3-compartment cell.

Exp. Current density Time Stirring Light THC remaining
(mA/cm2) (days) %

Raw 100
1 0.64 28 Off No light 83.2
2 0.64 28 On Light 23.0
3 0.05 28 Off Light 82.3
4 0.05 28 On No light 87.5
5 0.32 14 On Light 40.8

Notes: In all experiments, tap water was used as suspension liquid with an L/S
ratio of 7 mL/g. Stirring rate was 250 rpm if turned on.

Table 4. Extended experimental domain for 3-compartment cell.
Exp. Current density Time Stirring Light THC remaining

(mA/cm2) (days) %

Raw 100
A 1.28 2 On Light 90.5
B 0.025 7 On Light 70.0

Notes: In all experiments tap water was used as suspension liquid with a L/S
ratio of 7 mL/g. Stirring rate was 250 rpm.
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with as high stirring rate as possible without splashing of
the sample (250 rpm) and to investigate the effect of a
longer remediation time (Table 5).

It is immediately evident that the 2-compartment cell
is not as efficient as the 3-compartment cell. Even more
striking is the fact that when employing low current
density, total hydrocarbon increased and this discre-
pancy was accentuated by prolonging the remediation
time. Since there is no possibility of introduction of
more hydrocarbons, this phenomenon is quite puzzling.
However, one might hypothesise that treatment in the 2-
compartment cell may have solubilised some of the soil,
which in turn would lead to a higher THC/soil ratio if this
process were faster than the degradation of the
hydrocarbons.

Light/no light was included in the experimental
design in order to reflect the environmental conditions
of the Arctic in the wintertime. All experiments were
stirred, making it possible to better assess the influence
of light. Since the remaining THC in experiments with
low current density was higher than 100%, it is only poss-
ible to assess the effect of light at high current density
and in the centre-point experiment. The highest
removal (38%) was observed in experiment 7 (no light)
compared to only 8% in experiment 8 (light). The
results are not directly comparable with the 3-compart-
ment cell, due to differences in the experimental
domain. The results, however, seem to contradict the
results from the 3-compartment experiments, in which
subjecting the samples to daylight was beneficial, but
the result may prove interesting in view of the environ-
ment in which remediation is to take place. Interestingly,
in the centre-point experiment, in which light was
allowed; there is a 17% reduction of THC after only 21
days, which is the second-best result for this cell design.

Prolonging the remediation time at high current den-
sities does not improve hydrocarbon removal to any
extent and it seems that the process slows down. It
therefore seems as though the same removal efficiencies
are not possible for the 2-compartment cell as for the tra-
ditional 3-compartment design for this application.

In this study, the first comparison of 2 cell designs of
EDR was made to assess the potential for removing
organic pollutants from soil. The removal efficiencies of
up to 87% are comparable with those obtained with
other remediation technologies, e.g. bioremediation
[26], chemical oxidation [27] and electrokinetics [28].
EDR is essentially enhanced EKR, using ion-exchange
membranes, stirring and different cell set-ups. Other
enhanced EKR of soil have included the use of surfac-
tants [29] and combinations with either electro-oxidation
(Fenton) [30] or bioremediation [31] to remove oil com-
ponents from soil. These were all based on stationary
set-ups and similar removal efficiencies to those seen
in this study were observed. The choice of enhanced
EKR method for removal of oil from soil depends on
site-specific conditions. Along with the previous
studies, this study provides knowledge for the design
of enhanced EKR in accordance with remediation goals
and the possibilities of in-situ/ex-situ applications. The
removal efficiencies are comparable to this study.

The observed differences in the influence of variables
and removal efficiencies between the 2-compartment
and 3-compartment cells could be related to differences
in the EDR process in the two designs. Acidification
occurs faster in the 2-compartment cell, resulting in
lower pH levels, that in turn may retard the natural bior-
emediation of oil in the soil [32]. This may also indicate
that the observed removal of THC from the soil is
related to degradation rather than solubilisation into
the liquid phase. More experiments are however
needed in order to confirm this hypothesis. The introduc-
tion of surfactants could potentially increase the avail-
ability and removal of THC from the soil. Such an
optimisation would, however, depend on whether
natural degradation or solubilisation/removal is the
goal of the remediation and whether management of
polluted liquid from solubilisation is desired or not.

Conclusion

When employing the 3-compartment cell, the highest
THC removal was observed at high current density with
stirring and light. From the analysis of the experimental
design, it was concluded that all of these variables
were important for high removal rates. It was also clear
that a certain threshold value regarding current density
was imperative if hydrocarbon removal was to be
achieved within the experimental time employed.

The 2-compartment cell was not as efficient, even if
remediation time was increased by 50%. It was also
noted that THC increased at low current densities, which
was interpreted as degradation of the soil being faster
than degradation of hydrocarbons, at these settings.

Table 5. Removal efficiency for 2-compartment cell.

Exp. Current density Light
THC remaining

28 days
THC remaining

42 days
(mA/cm2) % %

Raw 100
6 0.64 Light 93.0 91.0
7 0.64 No light 65.8 62.4
8 0.05 Light 111 139
8 0.05 No light 104 115
10 0.32 Light 83.0a

Notes: In all experiments tap water was used as suspension liquid with a L/S
ratio of 7 mL/g. Stirring rate was 250 rpm.

aAfter 21 days.
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