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Abstract: The removal of cesium from artificially contaminated soil using electrokinetic
remediation with nitric and acetic acid as electrolytes had been evaluated. In this study,
uncontaminated soil was taken from four different sampling points (i.e., A, B, C, and D)
in Kotagede, Yogyakarta, Indonesia. All samples were prepared as cesium contaminated
soil (100 mg CsCl/kg soil), which have similar physicochemical characteristics with
Fukushima soil, Japan. The electrokinetic remediation (EKR) was conducted using a
graphite electrode in a constant voltage of 1.0 Vem™ for 7 days without electrolyte pH
control, with 1.0 M nitric and acetic acid as electrolytes. The current profile during the
EKR was recorded by a data logger for every 10 min. The remaining cesium in the soil
was measured by a flame atomic absorption spectrophotometer at a wavelength of
852.1 nm. The results showed that the type of acid used in the experiments affected the
removal of cesium. The highest cesium removal was achieved when nitric acid was used
in the experiment and then followed by acetic acid. For all acids, the removal ability of
cesium from soil was in the following order: soil C > soil A > soil D > soil B.
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m INTRODUCTION

Chernobyl and Fukushima accidents [3-4], which led to

The rapid growth of the economic sector has caused
Indonesia to experience a serious power shortage. Power
consumption grows as the industry grows, which means
that there must be more electricity to be produced. By an
industrial production growth rate of 10.5%, the electricity
demand is estimated to reach 450 billion kWh in 2026 [1].
Under these circumstances, it is hardly a surprise that
nuclear plants would not be left out of the government
plan for the electrification of the country. On November
30™, 2011, the Minister of State-Owned Enterprises of the
Republic of Indonesia had adopted a long-term plan for
the development of nuclear energy in Indonesia [2]. Fear
of accidents in nuclear power plants is a major factor that
led many to oppose the construction of nuclear power
plants in Indonesia. The fear comes from the history of
several cases involving nuclear energy, including the

adsorption of Cs-137 into the soil that persisted for
many years resulting in the restriction of the land to be
reused as agricultural land. In addition, the development
of a nuclear power plant has a possibility to release
radionuclide to the environment that imposes a strict
requirement on the development of a cost-effective
method to remove radionuclides from contaminated
soils [5]. Several technologies have been developed for
remediation of contaminated soil, which includes
bioremediation [6], thermal desorption [7], soil leaching
[8], and electrokinetic remediation [9].

Electrokinetic remediation is one of the promising
technologies that can be used to separate and extract
heavy metals, radionuclides, and organic contaminants
from saturated or unsaturated soils, sludges and
sediments, and groundwater. When an electric field is
applied to the soil, the water electrolysis induce H" and
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OH- ions at the anode and cathode electrode. In addition,
the electrokinetic transport phenomena include the
movement of water (electroosmosis), ions and polar
molecules (electromigration), and charged solid particles
(electrophoresis) formed between two electrodes [5,9].
These
electrokinetics and

processes, together, are referred to as

can be wused to remediate
contaminated soil in place without excavation.

The advantages of electrokinetic remediation have
been reported in numerous studies [3,9] as follows (1)
applicability to specific low permeability contaminated
soils that have high adsorption of pollutants (e.g., clays,
silts, and layers) and groundwater. These soils are
resistant to clean using common in-situ remedial
techniques, such as pump-and-treat method which
require a hydraulic gradient to be efficient in the process;
(2) flow direction of the fluid in the soil is highly
controlled, unlike in the soil flushing process; (3) can be
used in a wide range removal of contaminants such as
heavy metals, radionuclides, and organic compounds; and
(4) the treatment has a low electric power consumption.

The objective of this study is to evaluate the
feasibility of the electrokinetic remediation on the
removal of cesium from artificially contaminated soils
from Kotagede, Yogyakarta, Indonesia. These soil
samples have similar physicochemical characteristics with
Fukushima soil. In addition, the investigation of acids
effect (e.g., nitric acid and acetic acid) as enhancing
agents, and the optimum condition for the efficient
removal were also evaluated. Therefore, a safer
experiment was carried out for feasibility application in a
real radionuclide contaminated soil in the future.
Obtained results from this study can be used to predict the
possible application of the technology for soil remediation

at actual conditions in Fukushima.

m EXPERIMENTAL SECTION
Materials

Cesium chloride was purchased from Wako
Chemical, Japan, while nitric and acetic acid were
purchased from Merck, Germany, without further
purification.

Instrumentation

Minerals characteristic in the soil were measured
by X-ray benchtop diffractometer (Bruker D2 Phaser,
Germany) using CuKa radiation over a 20 range from 5
to 80° with a step size of 0.02° at a scanning speed of
0.4°/sec. Reference patterns from the ICDD PDF
database were used for qualitative phase identification of
minerals in each soil. The remaining concentration of
cesium in the soil was extracted using concentrated
nitric acid, and then cesium concentration in the
solution was determined by flame atomic absorption
spectrophotometry (Perkin-Elmer, PinAAcle 900T,
USA) at wavelength of 852.1 nm.

Procedure

Collection and preparation of soil

Clean soil samples were collected from four
different locations at Kotagede district in Yogyakarta,
Indonesia (i.e., GPS for soil A: S07°49,291° E110°23,996’,
soil B: S07°49,627’ E110°23,895’, soil C: S07°49,578’
E110°23,878, soil D: $S07°49,589° E110°23,713’).
Measurement of the soil properties was described in a
reported paper elsewhere [10]. All soils from Kotagede
were artificially contaminated by 100 mg/kg cesium (i.e.,
CsCl salts) and treated by five cycles (1 cycle for 2 weeks)
of saturation process and air-dried before being aged for
five months.

For Fukushima soil, Japan, the samples were
collected from two different locations, which were
Sarukubo soil, Kawamata (N 37.67127 E 140.64745), and
Haramaci soil, Minamisoma (N 37.63820 E 141.00637).
At the time of sampling in October 2011, the soil had
been contaminated with radiocesium of about 0.3 pS/h
for the Sarukubo soil and 0.1 uS/h for the Haramaci soil.

Electrokinetic remediation (EKR) treatment

A series of bench-scale EKR experiments were
conducted according to a previous paper [10]. The
electrokinetic remediation setup is shown in Fig. 1. The
testing box consists of three major parts, a soil chamber
and two electrode compartments. The EKR reactor
contained 200 g of soil and was well connected to the
electrode in both ends. Graphite electrodes were used
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Fig 1. Electrokinetic remediation set up reactor used in

this study

for the cathode (C) and anode (A). In this study, nitric acid
and acetic acid were used as an electrolyte. A 1.0 Vem™ of
potential gradient was applied for 7 days of experiment
[10]. The electric currents were monitored by a data logger
(GL200A, Graphtec USA) for every 10 min. After the
experiment, the soil was sectioned into five parts, and the
soil pH was measured by mixing 0.5 g soil with 10 mL of
distilled water and stirring for 30 min. The remaining
cesium was extracted from soil by mixing about 0.5 g soil
with 10 mL of 65% HNO; and then shaking it for 24 h.

m RESULTS AND DISCUSSION
Soil Characterization

The similarity of Kotagede and Fukushima soils
were in terms of soil texture, soil properties, and mineral
content. All soil samples from Kotagede have the same
texture with Fukushima soil and was characterized as
sandy loam, and they all have high CEC values and
organic matter content. In addition, soils A and C were
relatively easy to acidify compared to soils B and D [10].
Qualitatively, the mineralogy of soil from Kotagede was
identified by comparing 20 diffractograms of reported
studies [11]. The major mineral characteristic of soils A,
B, C, and D based on the diffractogram were silica
(quartz), dolomite, kaolinite, lawsonite, and muscovite.
Meanwhile, the major mineral composition in the
Fukushima soils were silica (quartz), kaolinite, lawsonite,

and muscovite. Kaolinite was one of the minerals that
would bond strongly with cesium [12]. Therefore, in this
regard, the soil from Kotagede was quite like Fukushima
soil. The soil properties of Kotagede and Fukushima
were summarized, as shown in Table 1.

Distribution of pH after EKR Treatment

The application of direct current via electrodes
resulted in oxidation at the anode, generating the acid
front, while reduction at the cathode produced a base
front as shown by Eq. (1) and Eq. (2). Therefore,
oxidation and reduction in the electrode resulted in the
pH profiles during the EKR treatment. The initial pH of
soil A, B, C, and D were 7.7, 7.8, 6.9, 7.4, respectively.
Fig. 2 shows the distribution of soil pH when HNO; and
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Fig 2. Soil pH profiles in after EKR used 1.0 M HNO:s (a)
and CH;COOH (b) as electrolyte. S1 was compartment
near the anode and S5 was compartment near the
cathode. The red line indicated the initial pH in the soil
before EKR treatment
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Table 1. Soil Characterization of Kotagede and Fukushima

Parameters Kotagede soils Fukushima soil*
Soil A Soil B Soil C Soil D (Kawamata)

Particle size distribution (%):

Sand 66.43 64.35 51.84 68.16 83.4

Silt 23.09 24.35 36.05 23.68 8.8

Clay 10.48 11.31 12.11 8.16 7.8

Soil texture Sandy Sandy Sandy Sandy Sandy loam
loam loam loam loam

Organic C (%) 0.83 1.64 1.47 4.27 0.74

Organic matter (%) 1.43 2.83 2.54 427 3.91 (g/kg)

Total N (%) 0.09 0.05 0.11 0.14 0.8 (g/kg)

CEC (meq/100g) 12.35 16.83 18.06 16.95 9 (cmol/kg)

pH (1:20, w/v) 7.7 7.8 6.9 7.4 6.32 (1:5)

Surface area, m’/g 25.67 35.10 40.69 28.46 -

Pore volume, m*/g 52.37 64.02 64.11 50.17 -

Fukushima soil®
K M

Mineral composition: | 20

21,800-21,900

27,700-27,750 Minor Major Minor Minor Major Major
49,600-49,850 (3.0%) (12.9%) (2.3%) (3.4%) (49.6%) (25.5%)
67,500-67,900

Silica (quartz)

. 52,500 Minor Major Minor Major Minor Minor
Dolomite 42,150
52270 (4.4%) (7.1%) (2.4%) (5.5%) (4.1%) (4.9%)
35,540-35,680 . . . . . .
IImenite 48,350-48.420 Minor Major Minor Minor Minor Minor

0, V) (V) 0, V) V)
62.240-62,320 (4.2%) (6.3%) (5.0%) (3.9%) (1.9%) (3.3%)

.. Minor Minor Minor Minor Minor Minor
Franklinite 30.320-30.330 ) 5oy 33%)  (14%)  (35%)  (13%)  (1.7%)
- Major Major Major Major Major Major
Kaolinite 23,640-23.690 1ch0)  (23.5%)  (8.8%)  (109%)  (203%)  (32.2%)
. Major Major Major Major Major Major
Lawsonite 42,360-42.960 14 b0 (165%)  (75%)  (92%)  (107%)  (11.7%)
Goethite 34,960 Minor Minor Minor Minor Minor Minor
53,370 (1.6%) (3.7%) (1.1%) (2.3%) (2.5%) (4.3%)

. 57,360 Minor Major Minor Minor Trace Minor

Pyrolusite

29,790 (5.0%) (8.9%) (3.1%) (4.7%) (0.4%) (2.5%)

. Major Major Major Major Major Major
Muscovite 28450 (48.0%)  (113%)  (67.8%  (554%)  (6.0%)  (7.3%)
Anatase 27.730 Minor Trace Trace Minor Minor Major

(1.2%) (0.9%) (0.7%) (1.1%) (2.5%) (6.2%)
“Tran Q.T. et al., 2017 [34]; "This work (K: Kawamata soil; M: Minamisoma soil)

CH;COOH were used as an electrolyte. It shows thateach  Cathode: 2H,0(py +2€¢~ — Hyg) +20H 09 2)

pH soil increased by the distance from anode to cathode Generally, the acid front can enhance the

(e.g. from §1 to $5) in the range from 3 to 7. These results desorption of cesium from soil and dissolve the cesium

are in accordance with the findings reported in various

ions, causing the ions to freely move through the soil and
studies [13-14].

ideally to the cathode reservoir where they can be
N _
Anode: 2H,0(y _>02(g)+4H (aq) T4e€ (1) removed. Meanwhile, alkaline front significantly
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declined the mobility of the cesium ions because of the
metal hydroxide precipitation, thereby immobilizing the
metals before they reach the cathode. The soil pH
increased from anode to the cathode at more than 6.8.
This is a typical soil pH profile for EKR treatment [15-16].
The soil pH near to the cathode sharply increased to above
the initial soil pH when using HNO; as the electrolyte.
However, there was no significant pH increase in the soil
when CH;COOH was used as the electrolyte.

High acidification of the remaining soil after the
EKR treatment caused the loss of base cations, non-
reversible clay mineral dissolution, and a reduction in
cation exchange capacity, accompanied by structural
deterioration [17]. In agriculture, simple treatment of soil
acidity is ameliorated by applying lime or other
unconventional acid-neutralizing materials such as rice
husk ash [18], wood ash [19], and steel slag [20]. In
addition, to neutralize the acid, sometimes ecologically
sound remediation of acidic soil using bicarbonate-rich
swine wastewater [21] and marble wastes are also used [22].

Cesium Concentration after EKR Treatment

Generally, the remaining cesium concentration in all
soils was lower than the initial concentration (100 mg/kg)
with a varied concentration. Fig. 3 shows that the
remaining cesium concentration was much lower in soil
A (from 49.14 to 89.34 mg/kg) and soil C (from 35.05 to
85.41 mg/kg) than that in soil B (from 55.18 to
101.89 mg/kg) and soil D (from 25.30 to 87.25 mg/kg)
when HNO; was used as the electrolyte. Meanwhile, when
CH;COOH was used as the electrolyte, the remaining
cesium concentration in the soil was as much as 32.34 to
105.41 mg/kg, 45.41 to 69.92 mg/kg, 55.64 to 96.65 mg/kg
and 78.35 to 95.63 mg/kg for soil A, C, B and D
respectively. The removal of cesium in soil A and C was
much higher than the removal of cesium in soil B and D,
even though a strong acid like HNO; was used as an
electrolyte. This can occur because the soils have a low
buffering capacity against acid. Previously reported
results showed that soils B and D have a low buffering
capacity against base [10]. Therefore, soils B and D are
relatively easy to alkalinize compared to soils A and C. In
addition, during the EKR treatment, the low pH (i.e., acid)

near the anode can promote more Cs* ions from the soil
into the pore fluid, enabling the ions to be transported
by electromigration. Thus, high removal of cesium from
soil was observed near the anode. On the contrary, the
high pH in the soil near the cathode (e.g., alkaline) was
associated with metal hydroxide (MeOH) in the pore
fluid that hindered the removal of cesium from soil.
High amounts of heavy metals are retained in the soil
when the buffer capacity is high enough to resist a
change under the alkaline condition [23].

Most of the Cs have remained on the surface of the
soil because the Cs ions were strongly adsorbed in the
interlayer spaces of the clay soil, aluminosilicate sheet
structures, particularly the vermiculite [24-25]. The
treatment on the removal of cesium from contaminated
soil depends on the penetration depth of the cesium in
the soil, which is influenced by the soil characteristics
such as clay content, particle size, and organic carbon
content [26]. If the soil had vermiculite content, the
migration efficiency of Cs ions in the EKR treatment
decreased as the vermiculite content increased because
the Cs ions can easily enter the interlayer of the basal
spacing [27]. The observation of the changed structure
of the vermiculite in aqueous suspension was measured
by small-angle X-ray and it showed that the abruption of
the clay sheets was induced by the localization of Cs ions
at the interlayer clay structure [28]. In addition, the
removal efficiency of cesium using EKR in the
radioactive soil decreased somewhat due to the aging
effect [29].

Electric Current Profiles

Fig. 4(a) and 4(b) show the current profiles across
the soil in the EKR experiments with HNO; and
CH;COOH as the electrolyte. How much the metal ions
moved by electromigration in the pore fluid during the
EKR process can be shown by the current profiles [30].
As seen in Fig. 4, the current increased in the first few
days and then declined, finally remaining stable. Stable
currents in all experiments was obtained depending on
the migration rates of ions from the pore fluid in the soil
[31]. Generally, the current reached a peak near or at the
start of the experiment when the number of ions in the
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pore fluid was high due to dissolved ions associated with
dry soil particles. As the ions electromigrated towards the
electrodes, the current gradually declined as similarly
reported in several publications [30-32].

Fig. 4(a) shows the current profile when HNOs was
used as the electrolyte. Nitric acid in the solution

produced high amounts of H* ions, which moved
toward the cathode. Consequently, the soil was acidified,
which in turn promoted the desorption of cesium ions
into the pore fluid. As a result, the current crossing in
the soil increased rapidly, then declined and reached a
stable current (see Fig. 4(a)). The phenomenon can be
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Fig 4. Current profiles during the EK remediation using 0.1 M HNOs (A) and CH;COOH (B) as the electrolyte

explained by two reasons; (i) resistance at the interface
between the electrodes and the electrolyte might have
increased because of the concentration polarization and
water dissociation in the electrolysis and (ii) ions with

positive or negative charges moved to the two ends of the
electric cell (e.g., anode and cathode), which resulted in
the drop of the ionic strength in the soils and the current
as well [33]. This phenomenon occurs when a strong
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acid like HNO; undergoes complete dissociation to NO;"
and H* ions, as shown in Eq. (3). However, reversible
dissociation occurs when weak organic acids like
CH;COOH is applied as an electrolyte, as shown in Eq.
(4). Therefore, the current profile was high-broad, which
indicates that the soil resistance was high (see Fig. 4(b)).

HNO3,q) = NO3 (o) +H' (i) 3)
CH3COOH ) > CH3CO0™ (1) +H' (5 (4)

The acidic solution enhanced the desorption of ions
from the soil into the pore fluid so that the high
concentration of ions in the pore fluid increased the
electric current under a constant voltage condition.
current led to high power

However, a higher

consumption.
m CONCLUSION

According to the results of the experiments, the
following conclusion can be stated briefly. The soil
samples from Kotagede, Yogyakarta, Indonesia have a
with  the
contaminated soils from Fukushima, Japan, in terms of

similar  physico-chemical  properties
soil texture, soil properties, and mineral content. In this
regard, the major mineral content was silica (quartz) and
kaolinite, and the soil texture was sandy loam. The soil pH
near the cathode sharply increased to above the initial soil
pH when using HNO; as the electrolyte. However, there
was no significant pH increase in the soil when
CH;COOH was used as the electrolyte. High soil pH
occurred near the cathode, indicating the precipitation of
cesium ions in the cathode area. The removal of cesium
from soils were highly effective when HNO; was used as
the electrolyte. However, the order of the highest to lowest
cesium removal in the soil for all acids (e.g., HNO; and
CH;COOH) were as follows: soils C > A > D > B. The
current profiles in the EKR treatment showed that HNO;
as an electrolyte was undergoing complete dissociation,
which caused a low resistance in the soil showed by a low
current plateau. Meanwhile, CH;COOH as a weak acid
undergoes partial dissociation, which caused a high
resistance in the soil during EKR treatment, producing a
high current plateau.
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