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ABSTRACT

Hydrocarbon contamination is among the most challenging problems in soil remediation. Electrokinetic method can be a promising method
to remediate hydrocarbon-contaminated soils. Electrokinetic method consists of different transport phenomena including electro-migration,
electrophoresis, and electroosmotic flow. Electroosmotic flow is the main transport phenomenon for hydrocarbon removal in soil porous media.
However, the main component of hydrocarbons is the hydrophobic organic which indicates low water solubility; therefore, it makes the electroosmotic
flow less effective. The objective of the present study is to enhance electrokinetic remediation of diesel-contaminated silty sand by increasing
the solubility of the hydrocarbons in the soil and then increase the efficiency. For this purpose, sodium dodecyl sulfate (SDS) was used as
a catholyte. In this content, SDS 0.05 M was used as catholyte and Na,SO; 0.1 M was used as an anolyte. Low (1 V/cm) and high (2 V/cm)
voltage gradients were used in periodic and continuous forms. The best removal efficiency was observed for high voltage gradient (2 V/cm)
in a periodic form, which was 63.86. This result showed that a combination of periodic voltage application in addition to the employment
of SDS is an effective method for hydrocarbon removal from low permeable sand.
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1. Introduction for heavy metals, radionuclides, and organic contaminant. The
principle of EKR relies on the application of a low-intensity direct
current through a soil specimen between a couple of electrodes
(cathode and anode). During the EKR treatment, the applied current
causes oxidation and reduction at the anode and cathode,
respectively. Therefore, it leads to a series of coupled transport
phenomena such as electro-migration, electroosmotic flow (EOF),
and electrophoresis [4]. Due to the low water solubility of the
most common organic contaminants and the neutrality of their
molecules, it is not possible to transport the hydrophobic organics
out of the soil by electro-migration and/or EOF [5]. Surfactants
and cosolvents have been used to enhance remediation process
of hydrocarbon contaminated soils. Han et al. [6] studied on the
effect of a chelating agent Ethylenediaminetetraacetic acid (EDTA),
a cosolvent (n-propanol), and non-ionic surfactants (Tergitol 15-S-7
and Tergitol NP-10) as additives in the purging solution for EKR
of polluted soil. They concluded that the addition of surfactant
with EDTA was not effective for diesel oil removal. Tsai et al.
[7] evaluated the efficiency of EKR by applying different electrode
materials and electrolytes. They reported that Electrokinetically

Soil pollution is one of the important concerns for environmental
engineers all over the world. Several contaminations such as heavy
metals, radionuclides, and organic matters exist in the environment.
Among them, hydrocarbon contaminations are one of the important
pollutants in the world. Qil production and the petrochemical
industry are one of the main industrial activities responsible for
serious environmental pollution. Besides, oil extraction itself is
of the most contaminating processes [1].

Soil remediation is a difficult issue due to several factors such
as the chemical composition of soil, nature of contaminants, the
interaction of contaminants, soil aging of contaminants to name
but a few [2]. Different methods have been introduced to remediate
polluted soils such as 1-bioremediation, 2-thermal remediation,
3-soil vapor extraction, 4-soil washing, 5-soil flushing, 6-electro-
kinetic remediation (EKR) [3]. The EKR method has major advan-
tages among the rest: 1-flexibility to use as ex-situ or in-situ methods,
2- applicability to low-permeability and heterogeneous soils, 3-
applicability to saturated and unsaturated soils, 4-applicability
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enhanced oxidation with the presence of both H,O, and Fe;0,
(iron electrode corrosion), itself, resulted in higher total petroleum
hydrocarbon removal efficiency (97%) compared to the efficiencies
observed from electrokinetic (55%) or Fenton oxidation (27%).

Gonzini et al. [8] investigated the removal of gas oil from
a soil using electrokinetic technique enhanced by rhamnolipid.
Their results indicated that by an increase in the amount of
rhamnolipid, the efficiency of gas oil removal increased up to
86.7%. Ammami et al. [9] studied heavy metals and polycyclic
aromatic hydrocarbons (PAHs) removal from dredged harbor sedi-
ment using the electrokinetic technique. They stated that applica-
tion of a periodic voltage gradient associated to a low concen-
tration of citric acid and Tween 20 provided the best results
for Zn, Cd, and Pb remediation and also for removal of the 16
priority PAHs.

Pazos et al. [10] conducted an EKR test on diesel fuel con-
taminated soil. They used citric acid to enhance EOF and they
performed their tests under 1 V cm™ and 2 V cm™. Their results
showed that more powerful electric fields had better pollutant
removal. Ranjan et al. [11] carried out water-flushing and surfactant
flushing coupled with/without electrokinetic treatments for re-
mediation of diesel fuel contaminated clay. They declared wa-
ter-flushing coupled with EKR slightly improved the removal
efficiency. Boulakradeche et al. [1] performed a set of EKR tests
to understand the feasibility of usage of different surfactants to
remediate hydrophobic organic contamination. They maintained
that the anionic surfactant (SDS) in the catholyte yielded promising
remediation results for large-scale application. Moreover, they ut-
tered that a combination of SDS in the catholyte and Tween 80
in the anolyte improved the remediation results. Cameselle and
Reddy [2] investigated the simultaneous removal of nickel and
phenanthrene from kaolinite as a low permeable soil by periodic
voltage gradient. Based on the experimental results, they concluded
that the combination of chemical oxidation and EKR was effective
for the simultaneous removal of phenanthrene and nickel. Likewise,
different experimental studies have been carried out on the feasi-
bility of the EKR for organic and heavy metals contaminated soils
enhanced by surfactants and cosolvents including Saichek and
Reddy [12], Hahladakis et al. [13], Lin et al. [14], and Song et
al. [15].

Although Pazos et al. [10] and Gonzini et al. [8] conducted
experimental tests on EKR of low permeable sands, they did not
investigate the effect of periodic voltage application on removal
efficiency, electric current, and energy expenditure. Moreover,
Gonzini et al. [8] and Pazos et al. [10] conducted their test under
at least 15 d. In the present study, the remediation of diesel-con-
taminated silty sand by electrokinetic method was investigated
in shorter time. For the purpose of enhancement, SDS (0.05 M
solution) was used at the cathode compartment to improve sol-
ubility of hydrophobic organic compounds. Na,SO; (0.1 M) was
used at the anode compartment in the experiments. The experi-
ments were carried out under continuous and periodic voltage
application to understand its effect on the remediation process.
The tests were conducted under low (1 V cm™) and high (2 V
cm™) electric field. The tests were carried out for 7 and 9 d of
treatment to understand the feasibility of the enhanced proposed
test in low duration time.
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2. Materials and Methods

2.1. Soil Sample Preparation

In the present study silty sand was used to conduct electrokinetic
remediation tests. Silty sand has a low hydraulic permeability
and other common remediation methods such as soil washing
would not be effective to remediate this kind of sand. In addition,
studies on the feasibility of EKR on the low permeable sands
are rare. Table 1 indicates the characteristic of the soil used in
the present study.

Table 1. Properties of the Soil

Parameter Value
Grain size distribution
Sand 80%
Silt 17%
Clay 3%
Mineralogy
Quartz 34%
Feldspar 33%
Gypsum 1%
Calcite 3%
Semitic 3%
Mlite 2%
Clinoptilolite 24%
Initial soil pH 9

Hydraulic permeability 9.1 X 10° (cm s™)
Diesel was selected as a contaminant because Iran is one of
the main oil producers in the world and also a consumer of oil
products. Therefore, soil pollution by diesel is highly likely to
occur. The soil was polluted artificially to gain 20,000 ppm initial
concentrations. According to the water holding capacity of soil,
100 mL diesel fuel was added with a mixture with water to 5,000
g of soil to achieve 20,000 mg of pollutant per kg of soil. The
contaminated sample was stirred and blended to achieve homoge-
neous mixture. The soil sample was kept at room temperature
(2°C) for two weeks until water evaporates. After contamination
to reassure initial concentration of diesel, 200 grams of con-
taminated soil were taken for concentration analysis.

2.2. Electrokinetic Setup

The electrokinetic setup consisted of different parts; soil cell, two
electrode compartments (anode and cathode), anode and cathode
reservoirs, peristaltic pumps to circulate the solution, a power
supply, multimeter to measure the current passing through the
soil. The electrokinetic cell was made of Plexiglas. As indicated
in Fig. 1, the cell is a rectangular cube with the dimensions of
30 X 5 X 5 cm and is made of 5 mm thick transparent Plexiglas.
The dimensions of each anode and cathode compartments are
7 X 5 X 5 cm with 175 mm® volumes and during the tests the
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Fig. 1. The schematic of the electrokinetic pilot test.

level of anolyte and catholyte were kept constant to prevent hydraul-
ic head in the tests. The dimensions of the soil cell were 16 X
5 X 5 cm with a volume of 400 cm®, the anode and cathode
cells are separated from the soil cell with the help of two 5 mm
thick mesh separators. Between the soil sample and separators,
a porous stone with dimensions of 5 X 5 X 0.5 cm plus Whatman
filter paper No. 41 was used to prevent the separation of soil
grains and entry into the anode or cathode cell. The graphite
electrode was used in the experiments. The dimensions of the
plate electrode were 55 X 40 X 0.1 mm. The DC power supply
had the potential to produce an electric potential difference of
up to 40 V. The intensity of the current produced by this device
was limited to 3,000 mA. The tests were conducted under constant
voltage drop, so the multimeter showed the current passing through
the soil sample.

2.3. Testing Procedure

For each test, the artificially contaminated soil was packed to
the soil cell. The anode compartment was filled with Na,SO, 0.1
M solution. In soil remediation, the surfactants concentration
should be above the critical micelle concentration (CMC) to solubi-
lize the contaminants and minimize their resorption on soil par-
ticles [16]. Consequently, a concentration equal to 0.05 M for SDS
solution was used which was above CMC at the cathode
compartment. Constant voltage gradient was applied to the soil
sample. Following that, four tests were carried out and the name
of each test was tabulated in Table 2. For EK1 and EK2, voltage
gradient equal to 1 V/cm was applied and for EK3 and EK4, the
voltage gradient equal to 2 V/cm was applied to the soil sample.
Two different procedures, periodic and continuous, were utilized
for voltage application. For EK1 and EK3 continuous voltage gra-
dient for 7 d was applied to the soil sample. For EK2 and EK4

Table 2. Experimental Work Plan
Purging solution at

Purging solution at

No.  Test's code anode compartment cathode compartment
1 EK1 10" M NaySO, 5 x 10% M SDS
2 EK2 10" M NaySO, 5 x 10% M SDS
3 EK3 10" M NaySO, 5 x 10% M SDS
4 EK4 10" M NaySO, 5 x 10% M SDS

458

periodic voltage application was applied. In the periodic form
of voltage application, the voltage was applied for 5 d and the
power supply was switched off for 2 d and then was switched
on for 2 d. The main reason to switch off and on the power supply
is to understand its effect on the remediation process and solubiliz-
ing the complexes. Table 2 shows the experimental work plan
in the present study.

2.4. Analytical Procedure

The soil pH was measured before and after treatment for each
sample. For pH measurement, 1:2.5 soils to deionized water slurry
were prepared and agitated by a wrist action shaker for 30 min,
after that the soil sample centrifuged for 15 min at 6,000 RPM
and pH determined in the supernatant. The pH of anolyte and
catholyte measured before, during, and after the treatment by di-
rectly immersing pH. The soil specimens were sectioned into four
different parts after the remediation process. Two samples were
prepared for each section, one for pH and another for hydrocarbon
concentration analysis. Each sample preserved in a separate glass
jar. Soxhlet extraction method was used for hydrocarbon extraction
from soil materials based on USEPA test method 6540C [17] then
for chemical analysis the gas chromatography was used. Since
the experiments were carried out by applying a constant voltage
drop during the test, the current intensity varied with the porous
medium resistivity, which was measured using a digital multimeter
manufactured by Ziegler in Germany with a precision of 0.01
mA. Due to the direct current (DC) applied to the cell, the multimeter
connected in series with the power supply to the cell, so that
the number displayed on the device is the amount of current
passing through the soil (Fig. 1).

3. Results and Discussion

3.1. Electrolyte and Soil pH

The electrolysis reaction takes place at anode and cathode cells
due to applying an electric field; therefore, hydrogen and hydroxide
ions are generated at anode and cathode compartments,
respectively. SDS solution has no buffering capacity, so pH inside
the cathode cell increased rapidly. Likewise, sodium sulfate sol-
ution at the anode cell has no buffering capacity and pH at the
anode compartment decreased rapidly. The hydrogen and hydrox-
ide generation caused extreme pH changes at anode and cathode
compartments. Fig. 2 illustrates pH changes at the anode and
cathode compartments. pH of the anode cell decreased due to
hydrogen generation, the pH decreased to the point around 3 after

Mode of the
electric field

Remediation

Voltage gradient duration (day)

1 V/cm Continuously 7
1 V/cm Periodic 9
2 V/cm Continuously 7
2 V/cm Periodic 9
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Fig. 2. pH changes in anode and cathode cells during EKR tests.

12 h and decreased to 2 at the end of the tests. On account of
hydroxide generation, pH on the cathode increased and pH of
the cathode cell after 12 h reached around 11 and increased up
to 12 at the end of the experiments. The results are consistent
with the output of other researchers [8, 18, 19].

Fig. 3 shows soil pH at the end of the tests. The soil pH was
modified by penetration of acid and base front. The hydrogen
and hydroxide ion transport into the soil medium by electro-migra-
tion toward cathode and anode, respectively. The acid and base
front changed soil pH, so sections close to the anode cell got
acidified because of high concentration of hydrogen ions and sec-
tions close to the cathode cell got alkaline because of high concen-
tration of hydroxide [1, 20]. The rate of hydrogen transportation
is higher than hydroxide transportation, because the ionic mobility
of the hydrogen is higher than the ionic mobility of the hydroxide,
moreover the EOF direction is from the anode to the cathode
compartment. As it is observed in Fig. 3, at the end of the tests,
sections 1 and 2 from the anode got acidified and section 3 from
the anode had a pH around to initial value of the soil pH. This
phenomenon is due to the fact that the transportation of acid
front is higher than the base front and by continuing the EKR
test the section close to the cathode cell might get modified by
the presence of hydrogen ions.
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Fig. 3. pH changes in the soil specimen at the end of the tests.

3.2. Electric Current

Fig. 4 indicates the electric current passing through the soil
specimen. The presence of the solubilized charged complexes and
ions in the pore fluid can effect on the conductivity of the medium.
By increasing the concentration of the solubilized charged com-
plexes and ions in the pore fluid the conductivity increases, and
by increasing the conductivity the electrical resistivity decreases.
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Fig. 4. Electric current through the soil sample during the EKR tests.

The amount of current depends on the resistivity of the medium
and when resistivity increases current decreases and vice versa.
Therefore, the electric current is the response to the charge trans-
portation from the anode and cathode. As illustrated in Fig. 4,
the amount of current increased for 1 d in all the experiments
and after that current reached approximately constant value. The
initial increase in electric current caused by the solubilization
of salt precipitates [21]. Yet, by running the tests the ions are
transported by electro-migration and current intensity decreased
to stabilize current values [22]. According to Fig. 4, the current
fluctuation is observable for EK2 and EK4 when the periodic voltage
was applied to the soil medium. When the power supply was
switched off for two days, it allowed time for mass transfer of
charged solutes from soil to the aqueous medium [5]; therefore,
causing a higher electric current when the voltage was applied
after two days. Consequently, periodic voltage application resulted
in an up-and-down pattern of electric current.

3.3. Diesel Removal

Surfactants increase the aqueous solubility of oil by reducing the
surface/interfacial tension at air-water and water-oil interfaces.
By reduction of interfacial tension, the aqueous surfactant concen-
tration increased, and the monomers aggregated to form micelles
[16]. CMC is the surfactant concentration at which micelles first
begin to form. Mobilization and solubilization are two ways that
surfactants enhance the removal of oil from soils. Under the surfac-
tant's CMC the mobilization mechanism occurs. Interfacial tension
between air/water, oil/water, and soil/water systems are reduced
by the surfactant. Surfactants increase the contact angle and reduce
the capillary force between oil and soil by means of reduction
of the interfacial force. Above the surfactants' CMC the accumu-
lation of surfactant micelles increases the solubility of oil [16].
For the purpose of soil remediation, the surfactants concentration
should be above the CMC to solubilize the contaminants and mini-
mize their resorption on soil particles [16].

SDS introduced in the cathode cell and can transport into the
soil medium by electro-migration toward the anode. SDS and hydro-
phobic organic compounds form negatively charged micelles in
the medium. Negatively charged micelles are under the effect
of electrophoresis and EOF. EOF direction is from the anode to
the cathode and electrophoresis transports negatively charged mi-
celles to the anode. Therefore, the direction of EOF and electro-
phoresis oppose each other which might reduce the remediation
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efficiency. This would be disadvantageous of using an SDS, yet
the usage of cationic and neutral surfactant has their disadvantage.
Cationic surfactant creates positive micelles by hydrophobic organ-
ic compound and the direction of the EOF and electrophoresis
is the same (from the anode to the cathode). However, the point
is that cationic surfactant can easily be adsorbed to the surface
of the soil particles. Moreover, based on the work of Kaya and
Yukselen [23] by increasing the concentration of cationic surfactant
zeta potential increases (gets less negative) and at a specific concen-
tration of cationic surfactant, zeta potential gets positive which
results in reverse EOF. Reverse EOF (from the cathode to the
anode) opposes electrophoretic mobility of positively charged
micelles. The neutral surfactant would be a good option to use
instead of anionic surfactant, but according to the work of Kaya
and Yukselen [23], the presence of non-ionic surfactant might
decrease the EOF which is the main transport phenomenon for
organic compounds [24]. In addition, lower dielectric constant
and higher viscosity than water, resulting in a reduction in the
EOF by using non-ionic surfactant [25]. Eq. (1) shows the volumetric
EOF rate based on Helmholtz-Smoluchowski expression, EOF de-
pends on different parameters such as porosity, the permittivity
of the medium, the viscosity of fluid, and zeta potential [20].
The presence of surfactant can increase the viscosity of the fluid
and increase the resistance of the fluid to flow [1]. Although the
presence of the SDS as a surfactant increase fluid’s resistivity,
SDS can increase the EOF by decreasing zeta potential (makes
zeta potential more negative) [23]. Therefore, in the present study,
SDS was used as an enhancement.

D¢

qEO = nA 77 EZ [1]

where n is porosity, A is cross-section area of soil, { is zeta potential,
D is the dielectric constant of the fluid, # is the viscosity of the
fluid, £ applied voltage gradient.

Fig. 5 illustrates total petroleum hydrocarbon-diesel after EKR
tests. As indicated in Fig. 5 the tests’ results show that the EKR
was effective in removing diesel from the soil. EOF equal to 37
mL d* and 40 mL d" was measured for EK1 and EK2, respectively.
Higher EOF rate was measured for EK2 than EK1 which means
that periodic voltage application can improve and increase EOF,
this phenomenon was observed by other researchers [9]. According
to Fig. 5, EK1 and EK2 had the average removal equal to 52.48
and 57.6 percent, respectively. The removal efficiency of hydrophobic
organic compounds depends on two important factors: 1- dissolution
of the contaminant by surfactant 2- EOF. EK 2 has higher EOF than
EK1 and during the “down” time of periodic voltage application,
re-equilibrium at the solid-liquid interface occurs and more organic
compounds can be solubilized into micellar aggregates [9].

EK3 and EK4 were conducted under 2 V cm™ electric field.
EOF rate equal to 42 mL d” and 46 mL d" were observed. Likewise,
the periodic voltage caused higher EOF rate (EK4 showed higher
EOF than EK3). Moreover, the tests conducted under 2 V/cm voltage
gradient showed higher EOF rate which is in agreement with the
work of other researchers [10] and based on Eq. (1) it was predictable.
Based on Fig. 5, the average removal efficiency equal to 58.62
and 63.86 was calculated for EK3 and EK4, respectively. In the
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Fig, 5. Total petroleum hydrocarbon-diesel concentration after EKR tests.

same way, higher EOF and solubilization of organic compounds
into micellar aggregates result in better removal efficiency of EK4
than EK3. Generally, higher voltage gradient resulted in higher
removal efficiency. The flux of colloids and micelles under electro-
kinetic remediation process can be expressed by Eg. (2).

N =-DFve,— (U +k,) ¢ E (2)

where D'/ is the effective diffusion coefficient, ¢, is molar concen-

tration, &, is electroosmosis permeability, and U/ is effective

electrophoretic mobility which calculated based on Nernst-

Einstein relation Eq. (3):

eff
el = Dk

; T )

where z; is the ionic charge of the species, F is the Faraday constant,
R is the ideal gas constant, and T is the absolute temperature.

Micelles and colloids under electric field transport under the
effect of EOF and electrophoretic mobility, so higher voltage gra-
dient can increase EOF and electrophoretic mobility. The coopera-
tion of these transport mechanisms can improve hydrocarbon re-
moval from the soil medium. Consequently, tests under 2 V/cm
voltage gradient indicated better removal efficiency.

The best removal efficiency was achieved for EK4, two main
reasons would be the cause of this result, the first reason is using
a high voltage application and the second is considered a periodic
voltage application. The EK4 test was conducted for 9 d (7 d
applying electric field). It would be possible to achieve better
removal efficiency by increasing the time of the test. Because
two days switching off the power supply helped more organic
compounds solubilized into micellar aggregates. The removal effi-
ciency of EK2 and EK3 were close. Although EK3 showed a bit
better removal efficiency due to higher voltage application, its
efficiency could not increase by further running the test very much.
The electric current passing through the soil for EK3 declined
after 7 d. Decreasing the electric current indicated the less charged
complex and ions in solubilized form. Therefore, by running the
test the removal efficiency might not increase considerably.
However, EK2 after two days switching off the power supply,
the electric current passing through increased and this issue in-
dicated that by running the test in the following days more removal
efficiency could be achieved. Even though EK2 and EK3 tests
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Table 3. Energy Consumption and Average Removal for Each Experiment

Test No. Test 1
Average removal (%) 52.48
Energy consumption (kWh/m®) 519.1

showed close removal efficiency by means of using a high voltage
application for EK2 and periodic voltage application for EK3, by
continuing the tests the result could be different.

3.4. Electrical Energy Expenditure

Eq. (4) was used in order to calculate electrical energy expenditure
for each experiment [4]:

_L/
B= | vi

where E is the electrical energy per unit volume (kWh/m®), V
is the imposed external voltage (V), I is the electrical current (mA),
t is the experiment duration, and V; is the soil volume (m®. The
result of energy expenditure calculation is tabulated in Table 3.
EK4 was the most energy consuming and resulted in the best removal
efficiency among other tests, while the least energy consuming test
is EK1. In addition, EK1 showed the lowest removal efficiency.
As the electric energy expenditure is a function of electric current
passing through the soil, the tests that had higher electric current
during the time of the test resulted in more energy expenditure.

4)

3.5. Comparison Present Study with the Previous Works

Most of the work used the periodic voltage application were con-
ducted on the clayey soils, mostly kaolinite, yet in the present
study, we focused on the remediation of low permeable sand by
both continuous and periodic voltage application which has not
been investigated yet. The previous studies on the electrokinetic
remediation of sandy soil used a continuous form of voltage applica-
tion and they did not conduct any comparative study on the periodic
and continuous voltage application. Moreover, the effect of periodic
voltage applied on the electric current passing through the soil,
electrical energy expenditure, and hydrocarbon removal were dis-
cussed in the present study. In addition, the conducted studies
on the electrokinetic remediation of low permeable soil were per-
formed at least for 15 d, but in the present study based on using
high voltage applications in periodic form average removal effi-
ciency equal to 63.8 was achieved which is a good removal effi-
ciency just in 9 d. Therefore, even though by decreasing the time
of the remediation process, a reasonable and acceptable removal
efficiency was yielded. The time of the remediation is a key im-
portant factor in the cost of the tests and energy expenditure.

In the present study the studied soil is sand, but this is a silty
sand with hydraulic permeability equal to 9.1*10° (cm s™) which
indicate that the soil has a very low hydraulic permeability. For
the soils with low hydraulic permeability, soil washing is not an
effective way to remediate them. Therefore, an alternative method
such as electrokinetic soil remediation could be an effective option.

Song et al. [15] used electrokinetic for diesel removal from
sandy soil using NaCl or NaNO; with different voltages using
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Test 2 Test 3 Test 4
57.60 58.62 63.86
723.2 1,151.4 1,810.8

continuous voltage application and their results of diesel removal
is similar to the present study. The differences are, in our study
both continuous and periodic voltages were examined and the
remediation was enhanced by a surfactant (sodium dodecyl sulfate,
SDS) as a catholyte. And the time of the remediation for diesel
removal which is important was 9 d but Song et al. [15] conducted
their test for 15 d.

Gonzini et al. [8] studied the removal of gas oil from sandy
clay loam using rhamnolipid as bio surfactant at various rates.
They achieved gas oil removal around 39.1% to 86.7% after 15
d of remediation. They used two different voltage intensity (30
and 60) in continuous mode. The difference between the present
study and their study is time of remediation, types of soil, type
of surfactant. In the present study both continuous and periodic
voltages were applied to the soil, 9 d of remediation, using silty
sand and the analyzing the rate of energy consuming.

Jeon et al. [26] investigated the removal of petroleum hydro-
carbon from residual clayey following a washing process with
100 to 200 h’ time of remediation, using 0.1 M MgSO, and 0.1
NaOH with surfactant. They achieved 0 to 39% removal. Their
soil contains 32% sand and silt and 68% clay. The difference
between the present investigation and their study is the voltage
mode application (continuous and periodic); however, they used
only continuous voltage and removal efficiency in the present
work is higher than total petroleum hydrocarbon removal in their
study by using continuous voltage.

Pazos et al. [27] investigated the diesel removal from loamy
sand using two different hybrid approaches, including adding sur-
factant and in the second method combining Fenton reaction and
electrokinetic remediation. In the first hybrid method, they used
3% Tween 80 and Tris-Acetate-EDTA 0.2 M pH 8.5 as pH control,
continuous current (3 V/cm) and 30 d of remediation. With this
condition 55% diesel was removed from the soil. However, while
using Fenton reaction and electrokinetic their removal reached
to 87%. The present study can be compared with the first hybrid
approach. In the present study maximum removal efficiency about
64% was achieved after 9 d (time of remediation) and under 2
V/cm electric field and using periodic voltage.

4. Conclusions

The key results of the experimental study for the diesel removal
of silty sand using electrokinetic technique are as follows:

1) The use of SDS as a solution in the cathode compartment
was effective in the experiments to solubilize hydrophobic
organic compounds and increase removal efficiency.

ii) Applying periodic voltage gradient caused to increase the
electric current passing through the soil. When the power
supply was switched off for two days, it allowed time for
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mass transfer of charge solutes from the soil to the aqueous
medium which is the cause of the electric current increase.
Comparing the results of the tests indicated that applying
a voltage in periodic form can be an effective method to
increase EKR performance because of increasing EOF and
mass transfer of charged solutes from the soil to the aqueous
medium.

According to the observed removal efficiency of the tests,
increasing the voltage gradient is an effective method to
increase EKR efficiency.

The best removal efficiency was observed for EK4. The
result showed that a combination of high voltage application
in periodic form can be an efficient procedure to enhance
EKR method.

The calculation of electric energy expenditure indicated
that the tests that had higher electric current during the
time of the test showed higher energy expenditure. In addi-
tion, energy expenditure is a function of voltage intensity.
EK4 illustrated the most energy consuming tests and the
most effective test among other.

iii)

i)

<
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