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Abstract
The aim of this work was to evaluate the electrokinetic technique for
remediation of mercury contaminated soils from the mine El Alacrán, located
in the San Jorge river basin from Colombian’s Córdoba department. KI and
NaCl solutions were used as complexing agents for removing mercury at two
concentrations 0.01 M and 0.05 M, by applying voltages of 30 and 40 V
respectively. The best results were obtained when KI was used as complexing
agent, reaching percentages of recovery up to 98.7%. The treatments where
NaCl was used as complexing agent not achieved significant recoveries (<
1%), except when was used a concentration of 0.05 M NaCl with an applied
voltage of 40 V reaching a recovery of 38%. In all experiments, the mercury
moved towards the anode due to complexation of anionic nature complex and
was observed that increasing concentrations and voltages a more efficient and
speedy removal of mercury in the soil was achieved. The results showed that
the iodide has properties that make it a promising electrolyte solution for the
removal of mercury in the soil.
---------- Keywords: Electrokinetic, complexing agents, soil, mercury
Resumen
El objetivo de este trabajo fue evaluar la técnica electrocinética para la
remediación de suelos contaminados con mercurio de la mina El Alacrán,
ubicada en la cuenca del río San Jorge en el departamento de Córdoba,
* Autor de correspondencia: telefax: + 57 + 4 + 786 03 81 ext. 310, correo electrónico: erickl45@hotmail.com (E. López)
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Colombia. Soluciones de KI y NaCl fueron usadas como agentes complejantes
para la remoción del mercurio en dos concentraciones 0.01 y 0.05 M,
aplicando voltajes de 30 y 40 V respectivamente. Los mejores resultados
fueron obtenidos cuando el KI se usó como agente complejante, alcanzando
porcentajes de recuperación hasta de 98.7%. los tratamientos donde el NaCl
se usó como agente complejante no alcanzaron recuperaciones significativas
(< 1%), excepto cuando se usó una concentración de 0.05 M de NaCl con
un voltaje de 40 V alcanzando una recuperación de 38%. En todos los
experimentos, el mercurio se movió hacia el ánodo, debido a la formación
de complejos de naturaleza aniónica y se observó que incrementando la
concentración y el voltaje, una mayor eficiencia y velocidad de remoción
de mercurio del suelo fue alcanzada. Los resultados muestran que el ioduro
tiene propiedades que lo hacen una solución electrolítica prometedora para la
remoción del mercurio en suelos contaminados.
---------- Palabras clave: Electrocinética, agentes complejantes, suelo,
mercurio

Introduction
An incautious utilization of mercury has resulted
in severe contamination of soil, sediments, and
water resources in association to mines and
industries all over the world [1]. In the San Jorge
river basin in the department of Córdoba there
were several mining activities among which
is the extraction of gold, which dates from the
eighteenth century, where it have been used the
mercury amalgamation process for the recovery
of metal [2]. This process leads to direct spillage
of large quantities of metal in soils and water
bodies such as swamps and lagoons. The mercurygold amalgam obtained is usually burned in open
fields freeing gold and releasing the toxic metal
in the form of vapor directly to the atmosphere
[3]. Once deposited, the mercury form can
change (primarily by microbial metabolism)
into methylmercury, which has the ability to
accumulate in organisms (bioaccumulation) and
concentrate in food chains (biomagnifications)
[4]. As an additional problem, mercury can be
readily re-emitted into the atmosphere from any
site that has been deposited, due to its volatility.
Therefore, the release of mercury into the
environment by human activities can severely
contaminate the local environment and could also
affect local and regional environments [5].

The electrokinetic remediation is an innovative
technique for the decontamination and restoration
of contaminated soils, sediments and other solid
waste [6]. Numerous laboratory and pilot-scale
experiments have demonstrated the effectiveness
of the process to remove a wide variety of heavy
metals and radionuclides from several porous
media such as clays, sediments and soils [710]. The electrokinetic remediation involves the
applying a low intensity electric current between
electrodes inserted in situ in contaminated soil
that allows for the mobilization of water, ions and
charged small particles [11].
During treatment, contaminants can be transported
by different mechanisms: electromigration
(movement of ions to the electrode of opposite
charge) electroosmosis (movement of water in
relation to the charged surface of soil particles),
and electrophoresis (movement of ions such
as response to a potential difference [12]. The
electroremediation has focused mainly on metal
migration as electromigration is generally higher
than electroosmosis [13]. The technique has been
used successfully to remove > 90% of heavy metals
(arsenic, cadmium, cobalt, chromium, copper,
mercury, nickel, manganese, molybdenum,
lead, antimony and zinc) in clay, peat and clay
soils [14]. The electrokinetic process is very
promising for the remediation of contaminated
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Soil samples were taken at the mine El Alacrán
situated in coordinates 7°44’29.01” North,
75°44’10.8” West, top of the San Jorge river
basin. Samples of equal volume and weight on
the horizon A were mixed and homogenized
obtaining a sample representative of the soil.
The sample was transported to the laboratory
using plastic bags, dried at room temperature,
homogenized and sieved to reject grain sizes
greater than 2 mm. Soil properties were
determined using the below: pH and redox
potential (Eh) (potentiometric method), cationic
exchange capacity (CIC) (method of extraction
with ammonium acetate), organic matter content
(MO) (Walkley-Black method), conductivity
(EC) (potentiometric method) [17] and texture
(Bouyoucos method) [18].
Electrokinetic experiment
Soil samples were arranged by the preparation
of a wet paste with treatment solutions, then
the soil samples were dried during 24 h at room
temperature and introduced into the cells for
subsequent electrokinetic treatment. The soil
/ solution ratio was chosen empirically so the
paste had a semisolid consistency suitable for
packaging in the cells (1.2 to 1.7 g cm3 density
depending on the type of soil) [19].
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Voltage (V)

Soil sampling and characterization

Table 1 Electrokinetic experiments
Concentration
(M)

Materials and methods

Solution

This study assessed the effectiveness of the
method of electrokinetic remediation in soil
contaminated with mercury from the mine
El Alacrán, San Jorge river basin, Córdoba
department.

Electrokinetic experiments were conducted in a
46 × 10 × 10 cm3 pastic box, dimensions that have
shown adjustments to the process [20]. The 1 cm
diameter graphite plate electrodes were placed at
the ends of the box in the electrode compartments,
separated from the soil by a double layer of filter
paper, 1 kg of soil was located in the middle of
the compartments. The total length of the soil
column was 27 cm. For all treatments shown
(table 1) the grade removal of Hg was assessed at
time intervals of 1, 3, 5, 10 and 12 days for NaCl
treatments, and 2.5, 7.5, 12.5, 17.5 and 20 h for
KI treatments.

Treatment

soils, as it has a high removal efficiency and time
effectiveness in low permeability soils [15]. Its
advantages include low power consumption, tight
control of the direction of the water and dissolved
contaminants, and containment of pollutants in
the chambers of the electrodes that make it easier
the subsequent decontamination treatment [16].

EIA1

NaCl

0.01

30

EIB1

NaCl

0.05

30

EIA2

NaCl

0.01

40

EIB2

NaCl

0.05

40

EIIA1

KI

0.01

30

EIIB1

KI

0.05

30

EIIA2

KI

0.01

40

EIIA2

KI

0.05

40

A factorial design was performed, the results
were compared with a significance level of 5%
to determine the existence of interaction between
the levels of concentration, of the voltage and
time factors.
Analysis of samples
The concentration of total mercury (HgT) was
determined in triplicate using the technique of cold
vapor atomic absorption spectrometry (AAS-VF)
[21, 22]. Similarly, the sequential extraction was
performed in triplicate [23]. Solution samples
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were taken from the electrode compartments and
HgT was determined. The veracity of methods
was determined by analysis of reference certified
material (IAEA-405) for HgT determination in
soil, and accuracy and precision measurements
(% recovery and variation coefficient) in with
soil samples for sequential extraction procedure.

taken at 3, 6, 18 and 24 cm from the anode to
the determination of HgT and the pH in the
soil, samples were dried for 24 hours at room
temperature, digested and analyzed. The soil was
subjected to sequential extraction by sampling
at 3, 18 and 24 cm from de anode at the end of
treatment.

The pH and voltage gradient in the soil were
monitored at stipulated times for different
treatments of NaCl and KI. Samples were

Sequential extraction
2g samples of soil were subjected to sequential
extraction in parallel as shown in table 2.

Table 2 Extractants used in the method. Adapted from [23]
Fraction

Extractants

Time (h)

F1. Soluble in water (Hg-w)

Deionized water

18

F2. Soluble in stomach acid (Hg-h)

sln. Acacetic and hydrochloric pH 2

18

F3. Organocomplexes (Hg-O)

KOH 1M

18

F4. Strongly complexed (Hg-e)

HNO3 12 M

18

F5. Sulphide of mercury (Hg-S)

Aqua regia digestion

12

Centrifugation and analysis of the supernatant
followed. New soil was taken for each extraction,
so that each extraction step was independent of
the steps before.

Table 3 Evaluation of the accuracy with reference
certified material
Certified material IAEA-405
Certified value (µg/g)

0.81 ± 0.04

Found value (µg/g) (n=3)

0.79 ± 0.02

Analytical parameters

Confidence interval (95%)

0.75-0.81

In the different matrices the calibration curve used
for the determination of Hg was Y = 0.0007 +
0.0072 with r2 = 0.9998, it was prepared from the
triplicate determination of 5 standard solutions of
Hg undigested. It was found that the method was
precise and accurate according to table 3.

Coefficient of variation (%)

2.21

% Recovery

96.34

Results and discussion

Table 4 shows the accuracy of the method of
sequential extraction of soil samples made
without the subsequent electrokinetic treatment.
The results show no significant differences
between the sum of the concentrations of the
extracted fractions and by digestion of HgT in
the soil determined concentration, therefore the
method was precise and accurate.
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Table 4 Results of sequential extraction procedure, soil samples concentrations in ug/g dry soil
Replica

Hg-w

Hg-h

Hg-o

Hg-e

Hg-s

ΣT

HgT

%(ΣT/HgT)

1

0.086

0.446

0.863

0.935

0.650

2.980

3.04

98.03

2

0.073

0.436

0.864

0.947

0.651

2.971

3.01

98.70

3

0.075

0.436

0.879

0.926

0.661

2.977

3.09

96.34

Arithmetic mean

0.078

0.439

0.869

0.936

0.654

2.976

3.05

97.68

Standard deviation

0.007

0.006

0.009

0.011

0.006

0.005

0.040

1.22

Coefficient of variation

8.97

1.31

1.03

1.13

0.93

0.15

1.33

1.24

ΣT: Sum of fractions in the sequential extraction, HgT: Mercury in soil, digestion method

The detection limit for determination of HgT
in soil was 3.571 ng/g, in solution it was
0.0076 ng/mL, determinations of HgT at the
different treatments of NaCl and KI were over
the detection limit in the soil and the electrode
compartments.
Soils
The soil was characterized by determining some
physicochemical properties, listed in table 5. The
soil has a silty clay loam texture, is considered
extremely acidic, with an average organic matter
content, and low salt content, with a high ICC
due to clay content and organic matter. The
concentration of HgT found in soil was 3.05 ±
0.04 µg/g found in the range of soils contaminated
with Hg (0.2 - 100 µg/g) [24].
Table 5 Soil physicochemical properties
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Properties

Value

% Sand

1.80 ± 0.04

% Silt

61.7 ± 0.46

Properties

Value

% Clay

36.6 ± 1.03

CIC (meq/100g soil)

30.8 ± 2.50

pH

4.12 ± 0.03

Eh (mV)

199.67 ± 3.06

% MO

3.30 ± 0.26

CE (dS/m)

2.21 ± 0.05

HgT (µg/g)

3.05 ± 0.04

Current
The current through the soil was between 2 and
40 mA, when we used 40 V it was the greatest
variation in treatments.
pH
A strong change in pH was observed from the
first day due to the production of hydrogen ions
in the anode and hydroxide ions at the cathode
(figure 1). The change in pH tended toward the
cathode since the mobility of hydrogen ions is
greater than the mobility of the hydroxides [11].
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Figure 1 pH distribution during the electrokinetic experiments
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in the other fractions which was not susceptible
to mobilization. For EIA1 treatment a slight
accumulation was observed at 6 cm from the
anode. In EIB1 and EIA2 treatments is presumed
Hg present in F1 and F2 fractions was moved
toward to the anode after 5 days, because it was
observed a decrease of the contaminant in the soil
and a slight recovery of the same (1%) after 12
days. In EIB2 treatment Hg in solution (Hg-w)
was removed completely at 3, 18 and 24 cm from
the anode, as in the F2 fraction (Hg-h) at 3 and 18
cm from the anode, Hg in the F3 fraction (Hg-O)
was removed about 10.9% at 3 cm, 4.4% at 18 cm
and 1.3% at 24 cm from the anode compartment,
in F4 and F5 fractions Hg was not susceptible to
be mobilized. After 5 days there was a decrease
in the concentration of HgT and its subsequent
recovery in the anode compartment (38%) once
the electrokinetic experiment was finished.

Mercury transport and speciation during the
chloride experiment (experiment I)
After 12 day of electrokinetic experiment, the
Hg was transported to the anode because the
chlorides formed strong complexes with Hg, Hg
movement towards the anode obtained in this
experiment is consistent with results reported by
other authors [25] in electrodialitic experiments
in soils of a chlor-alkali site. Hypothesis of these
experiments stated that the direction of movement
of Hg was due to complex formation HgCl42-. The
fractionation and distribution of Hg during the
experiment I is showed below (figure 2). As well
as the variation in concentrations of HgT respect
to the anode compartment (figure 3).
Figure 2 shows the Hg present in the F1 fraction
(Hg-w) and F2 fraction (Hg-h) was mobilized in
the different treatments, unlike the Hg present
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0
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O

Figure 2 Sequential extraction after 12 days for the different treatments of experiment I
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Figure 3 shows low mobilization of Hg in
presence of NaCl, except EIB2 treatment where

38% of Hg in soil is removed showing the
interaction between different factors (p <0.05).

Figure 3 Mercury distribution in the soil during electrokinetic experiment for treatments of experiment I
Mercury transport and speciation during the
iodide experiment (experiment II)
After 20 h of electrokinetic experiment, Hg in
experiment II was transported toward the anode.
This was presumably due to formation mercury
iodide complex which have negative charge (HgI3
and HgI-2), the movement of Hg to the anode
obtained in this experiment is consistent with
other studies [12], [20] where Hg was mobilized
in the same direction.
Figure 4 shows the sequential extraction after 20
h of treatment EIIA1. Graphic of fractionation of
mercury for treatments EIIB1 and EIIA2 are not

shown, since the mercury was removed almost
entirely.
EIIA1
35
30
25

whitout tratament

g 20
H
%15

3 cm
18 cm

10

24 cm

5
0
Hg-w

Hg-h

Hg- O

Hg-e

Hg-S

Figure 4 Sequential extraction after 20 hours for
treatment EIIA1
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Figure 5 shows a decrease in the concentration of
HgT in the soil in different treatments. In EIIA1
treatment there is a significant decrease in the
concentration of mercury in the soil, reaching a
recovery in the anode compartment of 68.9% 20 h
after starting the experiment. In EIIB1, EIIA2 and
EIIB2 treatments it was achieved recoveries even
of 98.7% after 12.5 h, 17.5 h and 7.5 h respectively,
showing the interaction between the different

factors (p <0.05). Other authors [12] hypothesized
that the recovered mercury associated with F3 and
F4 fractions is due to the reducing properties of
iodide. For the mercury associated with the F5 in
the form of sulfur removed in most treatments, a
similar study [26] proposed that their mobilization
is due to the oxidation of sulphide of mercury by
triiodide, which could be formed by the reaction of
iodide with iodine solution.

Figure 5 Mercury distribution in the soil during experiment II

Conclusions
In both experiments it was observed that
increasing concentrations and voltages in the
treatments a more efficient and speedy removal of
mercury in the soil was observed. The pollutant
is moved toward the anode, it is assumed due
to the formation of anionic complexes (HgCl42-,
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HgCl3-) for experiment I and (HgI-3 and HgI-2) for
experiment II.
In the treatments where NaCl was used only in
the EIB2 treatment a significant recovery (38%)
was achieved. The high recovery percentages of
98.7% in experiment II showed that the iodide
has properties that make it a promising electrolyte
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solution for the removal of mercury in the soil.
The iodide is a much stronger complexing agent
than chloride, resulting in the formation of a
higher percentage of anionic complexes after its
addition. Furthermore iodide has the advantage
of forming a water soluble oxidizing in the anode
compartment. This additional oxidative capacity
may be necessary to release the sulfur-mercury
bond. Chloride do not form an anion with a
similar oxidative capacity.
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