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• EKSF can be efficiently applied for the
removal of ionic herbicides from soils.

• EKSF with a 1c6a configuration is very
efficient for the removal of 2,4-D from
soils.

• 2,4-D is mobilized favorably by
electromigration to the anodic wells.

• Configuration 1c6a transfers 70% of the
2,4-D to flushing water in only 35 days.

• Configuration 1a6c transfers less than
8% of the 2,4-D to flushing fluid in
58 days.
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This work aimed to evaluate electrokinetic soil flushing (EKSF) technologies for the removal of 2,4-
dichlorophenoxyacetic acid (2,4-D) from spiked soils using an electrode configuration consisting of one cathode
surrounded by six anodes (1c6a) and one anode surrounded by 6 cathodes (1a6c). Experiments were conducted
for over onemonth in a bench-scale set-up (175dm3of capacity) thatwas completely automated andoperated at
a constant electric field (1.0 V cm−1). The electrical current, temperature, pH, moisture and pollutant concentra-
tion in electrolyte wells were monitored daily, and at the end of the experiments, an in-depth sectioned analysis
of the complete soil section (post-mortem analysis) was conducted. Despite the geometric similarity, the two
strategies led to very different results mainly in terms of water and herbicide mobilization, whereas pH and con-
ductivity do not depend strongly on the electrode configuration. The volume of water extracted from cathodes
with 1a6c is seven times higher than that of the 1c6a strategy. Herbicide was transported to the anode wells
by electromigration and then dragged toward the cathode wells by electro-osmotic fluxes, with the first process
being much more important. The configuration 1c6a was the most efficient and attained a transfer of 70% of the
herbicide contained in the soil to flushing water in 35 days. These results outperform those obtained by the
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configuration 1a6c, for which less than 8% of the herbicide was transferred to flushing fluids in a much longer
time (58 days).

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Soil pollution is an environmental problem of major significance
(Virkutyte et al., 2002). There are many types of pollutants and numer-
ous types of technologies for the remediation of each pollutant. Among
these types, electroremediation technologies have received increasing
interest in recent years (Rodrigo et al., 2014; Ribeiro et al., 2005;
Ribeiro et al., 2011). When direct current (DC) is applied to a group of
electrodes that are located in the polluted soil, several processes become
activated, such as electrochemical reactions (mainly water oxidation
and reduction on the surfaces of the electrodes), heat transfer (associat-
ed with ohmic drops) and electrokinetic transport processes
(electromigration, electrophoresis and electro-osmosis). These process-
es favor the transport of pollutants and their removal from the soil
(Virkutyte et al., 2002; Page and Page, 2002; Saichek and Reddy, 2005;
Pazos et al., 2010).

One of the key points of this novel technology is the arrangement of
electrodes in the soil because this arrangement may help contain the
pollution (fence technologies) or transport it to the collecting points
(flushing fluid technologies). Thus, the electrode configuration selected
in the treatment is a key operational factor as it could determine the di-
rection and magnitude of the electrokinetic processes and, consequent-
ly, the efficiency in the transport of pollutants for each particular case.
This topic has gained importance in recent years, with many studies fo-
cusing on the evaluation of the electrode configuration (Alshawabkeh
et al., 1999; Turer and Genc, 2005; Almeira et al., 2009; Cho et al.,
2012; Kim et al., 2012a; Kim et al., 2012b; Peng et al., 2013; Kim et al.,
2014; Jeon et al., 2015). A common conclusion is that themost effective
electrode configurations from the viewpoint of the transport of pollut-
ants are rings of anodes with a central cathode or vice versa (depending
on the chemical structure and physico-chemical properties of the pol-
lutant). Most previously published studies have focused on the remedi-
ation of soils that are contaminated with metal ions because this is the
most important application of electroremediation and is currently con-
sidered a cost-efficient and mature technology.

However, in recentyears, an increasing interest in theelectroremediation
of soils with organic pollutants has appeared. In particular, the removal
of pesticides has become a popular topic (Jackman et al., 2001). The ap-
plication of these type of compounds is very common in most agricul-
tural regions of the world, but their excessive use can jeopardize the
quality of soil andwater and have serious effects on drinkingwater res-
ervoirs (Sheng et al., 2001). The herbicide 2,4-dichlorophenoxy acetic
acid (2,4-D) is one of the most frequently used pesticides (Munro
et al., 1992); from a chemical point of view, its high solubility and acidic
properties should be considered in the design of a remediation strategy.
Many papers have focused on the removal of this herbicide from surface
water or groundwater (Fang et al., 2012; Bian et al., 2013; de Velosa and
Pupo Nogueira, 2013; Girardi et al., 2013; Niedree et al., 2013; Garcia
et al., 2014; Ordaz-Guillen et al., 2014; Zhou et al., 2014;
Maya-Trevino et al., 2015; Schenone et al., 2015; Fontmorin et al.,
2013; Garcia et al., 2013), but very few have focused on its removal
from soil.

In this context, electrokinetic remediation could be a good alternative
to contain and/or remove organic pollutants from soil. Electrokinetic soil
flushing (EKSF) is becoming one of the most promising technologies for
soil remediation, especially when the pollutant consists of ionic species.
An electric field between anodes and cathodes that are placed in the soil
is the driving force of electrokinetic processes. The electro-osmosis in-
duced by the application of an electric field drains pollutants to the cath-
ode wells, where they can be easily collected. In the case of ionic
pollutants, electromigration is also expected to strongly influence their
concentration because the electric field promotes the transport of the
ionic pollutants to electrodewells of opposite charge. In the case of anion-
ic pollutants, such as the 2,4-D herbicide, these electrodes are the anodes.
Consequently, a very complex pattern of flows is produced in soils that
undergo an EKSF process. Because of the contribution of these processes,
in light of the present knowledge of the technology, it is difficult to predict
the performance of this type of treatment; as a result, studies investigat-
ing the scale-up of such technology are required, particularly to shed
light on the combined effect of the processes that occur when an electric
field is applied. As previously noted, one of the most important inputs to
be evaluated is the electrode arrangement; thus, in this study, two differ-
ent electrode array configurations are studied (Fig. 1) in a bench-scale
plant with 175 l of spiked soil polluted with 2,4-D: a central cathode
that is surrounded by six anodes (1c6a) and a central anode that is
surrounded by six cathodes (1a6c). Despite having the same number of
electrodes, the expected results are completely different because the
main flows occur in different directions. This manuscript reports the
main results obtained during the two tests and compares them with the
results obtained in a reference test, in which the dispersion of the pollut-
ant in a soil that did not undergo an electric field is evaluated.

2. Materials and methods

2.1. Materials

The soil used in this study was from a quarry located in Toledo
(Spain) (Lopez-Vizcaino et al., 2014a; Lopez-Vizcaino et al., 2014b).
This soil is characterized by its inertness, low hydraulic conductivity
and lack of organic content. Table 1 shows the qualitative mineralogical
composition obtained by X-Ray diffraction analysis, parameters used to
classify this soil by the Unified Soil Classification System (USCS) and
granulometry of soil estimated by Laser Diffraction Particle Size Analyz-
er. The 2,4-dichlorophenoxyacetic acid (2,4-D) thatwas used as the her-
bicide model was of analytical grade (Sigma-Aldrich). It is a weak acidic
molecule (pKa=2.6)with an octanol/water partition coefficient of 2.83
(log Kow) and vapor pressure of 1.9 · 10−5 Pa (at 25 °C).

2.2. Preparation of the polluted soil

The soil preparation process is important because of the complexity
of natural soil. The process was divided into different stages as follows:
1) positioning three layers of gravel with different granularities for me-
chanical and drain support; 2) moistening and compacting the soil in
the electrokinetic reactor by compacting layers of a fixed height
(5 cm) to attain the typicalmoisture and dry density of a real soil (initial
moisture of 20% and dry density of 1.4 g cm−3, as determined from the
standard Proctor compaction tests and the Standard ASTM D698, re-
spectively); and 3) drilling the electrolyte wells and implementing the
instrumentation of the plant. At the top of the soil, a capillary barrier
consisting of a ca. 2-cm-wide layer of sand was placed to minimize
the evaporation of water and the volatilization of the herbicide. In the
reference test that assessed the dispersion of the pollutant, the width
of the barrier was 1 cm.

2.3. Experimental setup

The electrokinetic experiments were conducted in an electrokinetic
remediation plant consisting of an electrokinetic reactor, power source
and tanks of electrolyte. The reactor was a methacrylate prism with a



Fig. 1. EKSF with rows of cathodes surrounding an anode and rows of anodes surrounding a cathode.
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soil capacity of 175 × 103 cm3 (LWH: 70 × 50 × 50 cm3). The electrodes
that were used for both the anodes and the cathodeswere graphite rods
with dimensions of 1 × 1 × 10 cm3. These rods were positioned in semi-
permeable electrolyte wells with two different electrode array configu-
rations: a central cathode thatwas surrounded by six anodes (1c6a) and
a central anode thatwas surrounded by six cathodes (1a6c). The config-
uration is designed to separate and collect fluids through an outlet situ-
ated on the sidewall of the reactor. Tomonitor the flux of water and the
temperature evolution during the experiment, tensiometers, thermo-
couples and rhizonswere inserted into the soil. Fig. 2 presents a diagram
of the electrokinetic remediation plant (part a) and the instrumentation
of the plant (part b) with the notations that will be used in the discus-
sion of the results.

2.4. Experimental procedure

Once the plant was completely instrumented, the experimental pro-
cedure began by polluting the soil (simulating accidental spill). Thus, in
the central point of the electrokinetic reactor, an accidental leak of
6.250 dm−3 of an aqueous solution of 500 mg 2,4-D dm−3 (leak rate
of 0.085 dm3 h−1) was simulated. Next, the electrolyte wells (water,
pH 7.64 and 0.391 mS cm−1 conductivity) were filled. The level of
each electrolyte well was controlled by a level control system. In the
case of anodic wells, it was connected to the feed-anolyte tank that ad-
justed the volume of water added to the soil, and in the case of cathodic
wells, it was connected to the reservoir-cathodic tank that adjusted the
volume ofwater extracted from the cathodicwells. The test beganwhen
the power source, a 400 SM-8-AR ELEKTRONIKA DELTA BV, turned on
and applied a constant voltage gradient of 1 Volt Direct Current (VDC)
cm−1.
Table 1
Qualitative mineralogical composition of the soils, classifica-
tion by the USCS and granulometry.

Mineral

Quartz
Feldspar
Calcite
Kaolinite
Smectite
Illite
Organic content = 0%

Parameters USCS

Liquid limit 42
Plastic limit 24
Plasticity index 18
USCS Code CL

Granulometry

% b 2 μm 4.9
2 μm b % b 60 μm 68.2
% N 60 μm 26.9
The electrical current, temperature, pH, moisture and 2,4-D concen-
tration in the electrolyte wells were monitored daily, and at the end of
the experiments, an in-depth sectioned analysis of the complete soil
section was performed. To perform this analysis, the soil was divided
into 16 superficial zones (4 × 4) and 3 different 1-cm thick layers (sur-
face, middle and bottom layers). Hence, the anolyte sampling was con-
ducted manually, whereas the catholyte sampling was conducted by
pumping the water accumulated in the cathodic wells. The gravity
fluid was sampled daily (5 cm3) and then drained at the end of the pro-
cess through an outlet that was situated at the bottom of the reactor. In
the reference test, the electric field was not applied to guarantee the
natural dispersion of the pollution. The soil was not handled until days
26 and 70, when soil samples were obtained to determine the pH, con-
ductivity, moisture and 2,4-D concentration distribution in the soil
matrix.

2.5. Analyses

To quantify the amount of 2,4-D in the soil, an L–S extraction process
was used. This processwas performed in Eppendorf tubes (15ml) using
water as a solvent (ratio polluted soil/solvent = 0.2 w/w). Both phases
were vigorously stirred in a vortexmixermulti-tube, VV3 VWR, and the
subsequent phase separation was accelerated using a centrifuge rotor
angular CENCOM II P-elite during 15 min, applying 3000 RPM. The
2,4-D concentration in the aqueous phase was determined using UV–
visible spectrometry (Shimadzu UV-1603) at a wavelength of 283 nm.
The moisture and dry density of the soil were analyzed according to
the ASTM Standards D2216 and ASTM D854, respectively. Measure-
ments of pH and conductivity were carried out with an InoLab WTW
pH-meter and a GLP 31 Crison conductimeter, respectively. The electric
current was measured with a KEITHLEY 2000 Digital Multimeter. The
temperature measurements were carried out with PT-100
thermocouples.

3. Results and discussion

Fig. 3 shows the changes in the current intensity during the two
EKSF tests conducted in this work. In both tests, the applied electric
field was 1.0 VDC cm−1. The duration initially scheduled for the exper-
iments was approximately 1 month. However, once in operation and
taking into account the less-efficient removal observed in the plant
with the configuration 1a6c (six cathodes surrounding an anode), it
was decided to extend this experiment for a longer time, explaining
why its duration was slightly higher (35 days in the case of 1c6a versus
58 days in the case of the 1a6c configurations).

The resulting intensities of the two tests were comparable, despite
the very different electrode arrangement used, and they settled from
an initial value within the range of 0.3–0.4 A down to values in the
range 0.1–0.2 A, with average values of 0.16 and 0.20 A in the 1a6c
and 1c6a strategies, respectively. Fluctuations in the resulting current
intensity clearly indicate the coexistence of various processes, and the
decreasing trend must be explained in terms of changes in the soil



Fig. 2. a) Diagram of the electrokinetic remediation plant. b) Diagram of the instrumentation used in the electrokinetic remediation plant. P: electrolyte wells, TT: thermocouples, T: ten-
siometers, and R: rhizons.
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Fig. 6.Electro-osmoticfluxes in the two tested configurations: a) 1c6a arrangement, anod-
icwells: (◆) P1, (■) P2, (▲) P3, (◊) P4, (□) P5, and (Δ) P6; (●) cathodic well, continuous
line: average accumulated volume in anodic wells; discontinuous line: total accumulated
volume in anodicwells; b) 1a6c arrangement, cathodic wells: (◆) P1, (■) P2, (▲) P3, (◊)
P4, (□) P5, and (Δ) P6; (●) anodic well, continuous line: average accumulated volume in
cathodic wells; discontinuous line: total accumulated volume in cathodic wells.

Fig. 5. Conductivity changes in different positions of the soil: a) 1c6a arrangement and
b) 1a6c arrangement. External zone, unfilled marker: (◊) R1, (□) R2, (Δ) R7, and (○)
R8. Electrokinetic zone, filled marker: (▲) R3, (◆) R4, (■) R5, and (●) R6 (see Fig. 2).

Fig. 4. Changes in the pH of the electrolyte wells during the two EKSF tests: a) 1c6a ar-
rangement and b) 1a6c arrangement. External zone, unfilled marker: (◊) R1, (□) R2,
(Δ) R7, and (○) R8. Electrokinetic zone, filled marker: (▲) R3, (◆) R4, (■) R5, and (●)
R6 (see Fig. 2).

Fig. 3. Time course of the current intensity during the remediation test: a) 1c6a arrange-
ment and b) 1a6c arrangement.
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that led to an increase in the ohmic loses (Lopez-Vizcaino et al., 2014a;
Lopez-Vizcaino et al., 2014b). This result is important because the soil
must be considered a dynamic systemwith properties that undergo sig-
nificant variations during remediation.

3.1. Ionic transport

One of the most important parameters in soil remediation is the pH.
Fig. 4 shows the changes in pH during the tests in eight sampling points
placed inside and outside the zones that were surrounded by electrodes
of the same polarity (so-called electrochemical and external zones, re-
spectively). Due to the anodic oxidation and cathodic reduction of
water, protons are formed on the anode and hydroxyl ions on the cath-
ode surfaces according to the well-known electrochemical oxidation
and reduction of water (Eqs. (1) and (2), respectively).

H2O–2e−→1=2O2 þ 2Hþ ð1Þ

H2Oþ e−→1=2H2 þ OH− ð2Þ

The transport of both ions to electrodes of opposite charge produces
thewell-known acidic and basic fronts, which can be clearly observed in
the EKSF test, with rows of anode and cathode arrays facing each other
(Lopez-Vizcaino et al., 2011;Mena et al., 2012). This process is known to
negatively influence the properties of the soil, particularly if preventa-
tive actions are not taken, such as the neutralization of the electrolyte
contained in the anode and/or cathode wells. In addition, this process
is known to affect the ionic exchange, the precipitation/re-dissolution
Fig. 7. 3-Dmapof soilmoisture after the two EKSF tests: a) 1c6a arrangement and b) 1a6c arrang
section.
of species and the biological activity. When comparing the results ob-
tained, note that in the external zone, only a slight decrease in the pH
was observed during the tests and that no significant differences were
obtained between the two configurations of electrodes. The same
trend was also observed in the electrochemical zone, although in this
case, the differences were more remarkable and the values that were
monitored at various sampling points were substantially modified dur-
ing the tests, due to both more acidic and alkaline values. The value ob-
tained in well R4 in the test 1a6c is particularly interesting because it is
extremely alkaline. To explain these results, it is important to remember
that the expected values are not close to the initial values of the electro-
lyte contained in the wells; rather, they are expected to be more ex-
treme because of the production of the acidic and basic fronts. Hence,
inmost of thewells, the small changesmust be explained in terms of ef-
fective neutralization of both fronts. In contrast, the extremevalue of pH
at other monitoring points clearly delimitated the places for which the
pH is not adequately neutralized by the interaction of both pH fronts.

Changes in the conductivity were different in the inner (electroki-
netic) and outer (external) zones of the soil in treatment (Fig. 5). In
the outer zone, conductivity increased to a plateau, where it was main-
tained until the end of the tests. There was a small daily fluctuation, and
important differences in the values obtained in the different rhizons
were observed. Considering the symmetry of the setup, these differ-
encesmust be explained in termsof the heterogeneity of the soil. In con-
trast, in the inner zone, the behavior was different. During the first stage
(shorter than in the case of the outer zone observation), therewas an in-
crease in the conductivity, but then the conductivity began to decrease
in the samples that were taken in all rhizons, except for the samples
ement. Depth of zone=7 cm. The X-axis and the Z-axis indicate theposition of the sample



Fig. 9. 2,4-D removedwith the different fluxes produced by the electric field applied in the
soil: a) 1c6a arrangement and b) 1a6c arrangement. Cathodicwells (◆), anodicwells (▲),
and gravity flux (■). Continuous line: average value. Discontinuous line: total mg of 2,4-D
collected.

Fig. 8. Changes in the temperature in different selected positions of the soil during the two
EKSF tests. (■) TT1, ( ) TT2, ( ) TT3 and ( ) TT5 (see Fig. 2).
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obtained in R4. This anomalous change can be explained in terms of the
non-neutralization of the pH in the flushing fluid in this point, as previ-
ously noted. A different trend (from that of the pH changes) indicates
that conductivity not only considers the concentration of hydroxyl and
proton ions but also considers other ions. The decrease in the concentra-
tion after the initial stage in the zone inside the circular row of elec-
trodes suggests some sort of ion depletion mechanism in this zone.
This phenomenon does not occur in the external zone, as clearly indicat-
ed by the plateau in the conductivity in the external zone.

3.2. Water transport

The transport of water in soil is a very important characteristic for
understanding EKSF processes. Because of the application of an electric
field, the transport of water from the anode to the cathode wells by the
well-known electro-osmosis is expected. Gravity and evaporation
fluxes (perpendicular to the direction of the electro-osmotic transport)
must also be considered in the water balance. All of these water fluxes
can drain the pollutant and help remediate the soil in a full-scale appli-
cation. Fig. 6 shows the totalized volumes of water added (anodewells)
or extracted (cathode well) during the two tests.

In comparing the two tests, very important differences are apparent.
When a six-cathode configuration (1a6c) is used, the volume of water
extracted from cathodes is seven times higher than that of the 1c6a
strategy, despite the volume added to the anode/s well/s being compa-
rable. This observation means that vertical fluxes have a greater signifi-
cance. Another important observation is the time lag between the
addition of water in the anodic wells and the extraction from the ca-
thodic wells, which is greater than 100 h in both cases. A final interest-
ing point regarding the information supplied in this figure involves the
differences that were observed in the water supplied to (multiple an-
odes in the 1c6a arrangement) or collected from (multiple cathodes in
the 1a6c arrangement) the electrode wells, despite the symmetry of
the electrode arrangements. These differences indicate that the hetero-
geneity of the soils is a very important parameter and that, even for
small setups with very-well controlled operation parameters, such as
the systems studied in thiswork, it is difficult to obtain an accurate sym-
metry in performance. This observation is important to consider in the
design of full-scale arrangements.

As a consequence of the very different electro-osmotic fluxes, the
moisture distribution in the soil is completely different. Thus, after the
treatment tests, a postmortem analysis was conducted on the two
plants to map parameters with significance in understanding of the
main processes that occur during the treatment. One of the parameters
that was monitored (and for which a 3-D map was obtained) was the
soil moisture. The results are plotted for both tests in Fig. 7.

The six cathodes-one anode strategy (1a6c) favors the accumulation
of water in the collection tanks that were connected to cathodic wells.
This fact indicates that 1a6c strategy promotes the movement of
water by electroosmosis into the soil, and consequently, the soil mois-
ture was increased. Related to this comment, 1c6a strategy provides
the lower water transport (view Fig. 6). In addition, this distribution is
not uniform, but instead clearly shows zones with a higher moisture
value despite the symmetry of the electrode arrangements, which
again suggest that heterogeneities in the soil play a very important role.

Initially, this higher evaporation should be explained in terms of a
higher temperature. However, as can be observed in Fig. 8, in contrast
to the expected result, no significant differences were observed be-
tween the temperatures obtained in both plants; although in the 1c6a
strategy, the temperature was slightly higher, with average tempera-
tures that are only 0.9 °C higher in the case of the 1c6a strategy (24.2
vs. 25.1 °C). This low increase in temperature can be explained in
terms of the higher resulting intensity that was applied for this configu-
ration. In addition, room temperature conditions in both tests (external
temperature) were quite similar during the experiments. Hence, tem-
perature is not expected to play a very relevant role and cannot explain
the differences in the moisture of the two soils, i.e., the configuration of



Fig. 10. 3-D maps of 2,4-D after the tests were conducted. Depth of zone = 7 cm. The X-axis and the Z axis indicate the position of the sample section.
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electrodes is the only factor that can explain this higher content of
water. To characterize the evaporation of water in solutions of 2,4-D,
various lab-scale tests were conducted, in which the evaporation rate
of water of a 500 mg dm−3 2,4-D solution was found to be almost con-
stant when operating under isothermal conditions. The values obtained
in that study were 0.0066 cm/h at 22.6 °C and 0.0136 cm/h at 28.2 °C,
and both values were within the range that was expected according to
the mass balances that were made to the pilot plants.

3.3. Pesticide transport

The most important parameter in this study was the concentration
of 2,4-D. Fig. 9 shows the amount of 2,4-D that was removed from the
anode and cathode wells. This figure also shows the amount of 2,4-D
that was drawn by the hydraulic flow that was collected at the bottom
of the mockup. In comparing the values for each soil test, it can be ob-
served that the amount of 2,4-D drained by gravity is negligible and
that amount collected in the anode/s is much more significant than
that collected in the cathode/s. The main mechanism explaining the
transport of 2,4-D to the cathode/s is the drainage of the herbicide
with electro-osmotic flux, whereas the transport to the anode is ex-
plained in terms of the electromigration caused by the negative charge
of the herbicide anion (Munro et al., 1992). The results demonstrated
Table 2
Main results obtained in the remediation of the 2,4-D-polluted soils using different
strategies.

Tests/parameters Reference Reference 1a6c 1c6a

Time 26 70 58 35
Average temperature 20.3 20.3 24.20 25.10
Average intensity (A) – – 0.16 0.20
2,4-D remaining in the soil after the
treatment (%)

50.27 45.94 67.68 15.01

2,4-D removed from anode wells (%) – – 4.39 50.67
2,4-D removed from cathode wells (%) – – 2.45 1.65
2,4-D collected with hydraulic fluxes (%) – – 0.81 22.31
2,4-D transferred to atmosphere (%) 49.73 54.06 24.66 10.35
that the transport of pesticide in this application is favored by
electromigration process, being much more important than the drag-
ging by electroosmotic flux. In comparing the results obtained in the
two tests, the six-anodes (1c6a) strategy clearly outperforms the six-
cathodes (1a6c) strategy by one fold. Obviously, this strategy promotes
the effect of electromigration on soil remediation with a higher number
of anodes and a higher volume of electrolyte wells available to collect
the herbicide. Hence, despite having a comparable geometry and num-
ber of elements, the 1c6a arrangement is much more efficient. In addi-
tion, this arrangement manages water more efficiently, and the level
of moisture is not as high as in the 1a6c strategy.

To further study the influence of the electrode arrangement on the
removal of the herbicide, in the post-mortem analysis conducted on
the twoplants after the EKSF tests, the 2,4-D distributionwasmonitored
in different portions of the soil. Consequently, a 3-D map with the con-
centration of 2,4-D in the soil was obtained for each strategy. The results
were compared with those obtained in a reference experiment, in
which only the diffusion of the pollutant was monitored and no treat-
ment technology was applied. Fig. 10 shows the values obtained in
each horizontal layer (surface, middle and bottom layers) of the plants
after the two EKSF tests and after a reference test, inwhich no treatment
was applied.

As previously described in the experimental section, a discharge of
2,4-D was simulated, and the treatment was prepared and began after
several days of this discharge. This discharge was produced in the cen-
tral position of the plant on the surface of the soil; hence, due to the
high concentration at this point, a substantial volatilization is expected.
Note that the raw solution spilledwas a solution of 500mg dm−3 of 2,4-
D. In separate laboratory-scale experiments, the volatilization rates
strongly depended on the temperature, with calculated values of
0.0002mg/cm2/h at 22.6 °C and 0.0032mg/cm2/h at 28.2 °C. If a uniform
distribution of the amount of 2,4-D was obtained, it led to a concentra-
tion of 20 mg of 2,4-D/kg.

The herbicide dispersion reference experiment shows that the con-
centration of 2,4-D in the soil after 26 days was much lower than that
expected according to the simulated spill. The only mechanism that
can explain this decrease in the concentration is the volatilization of
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the herbicide; this mechanism should be more important during the
simulation of accidental discharge because of the higher concentration
of the raw solution spilled. The 3-Dmap of the herbicide dispersion ref-
erence experiment also shows that the concentration of 2,4-D is
homogenously distributed, both in height and in each horizontal layer,
indicating that the diffusivity in soil of 2,4-D is high. In comparing
these results with those of the test conducted with 6 cathodes (1a6c),
the concentration of 2,4-D in the soil is found to be surprisingly much
higher in this last treatment, even considering that a treatment is ap-
plied that attains the transport of the herbicide by different mecha-
nisms. Consequently, this arrangement can be considered to favor the
accumulation of water and 2,4-D in the soil, thereby preventing its
evaporation by promoting a high horizontal flux of flushing fluid. Like-
wise, it was observed that the amount of 2,4-D that was collected in
the electrolyte wells was low. In contrast, in comparing the results ob-
tained in the reference experiment with those obtained by applying
the 1c6a strategy, a very different result was obtained. A 3-D map of
the 2,4-D remaining in the soil after the treatment agrees with the
higher concentration of 2,4-D thatwas collected in thewells, particular-
ly in the anode wells, which was associated with improved
electromigration. An additional point that can help explain the differ-
ences in the volatilization of the herbicides is the capillary barrier that
was placed on the treatment soil. In the case of the two
electroremediation tests, the width of this barrier was twice that in
the reference dispersion test.

In comparing the removal of 2,4-D in the two zones that were differ-
entiated by the electrode arrangement (inner and outer to the circle of
electrodes), it can be observed that, in contrast to the expected out-
come, there is no significant difference between the zones inside and
outside the electrode wells. The concentration inside is only 3.2%
lower in the 1a6c strategy and 18.5% in the 1c6a strategy (this latter
case with a much higher removal). This fact indicates that this technol-
ogy acts on the external and electrokinetic zones, thereby contributing
to the effective removal of the pollutant from the soil.

Table 2 shows a summary of the main parameters of this treatment.
In comparing the strategies in terms of the total removal of 2,4-D from
soil, note that the 1c6a strategy is the most efficient because of the
very high amount of herbicide that was transported to the anode
wells. There were no important differences in the amount of 2,4-D
that was transported to the cathode wells, and the volatilization of
2,4-D appears to be strongly influenced by the initial spill of the pesti-
cide herbicide and by the water fluxes in the soil.

4. Conclusions

The herbicide 2,4-D can be effectively removed from spiked soils
using EKSF with the configuration of electrodes consisting of circular
rows of electrodes surrounding an opposite counter electrode. This ar-
rangement is a more efficient configuration, consisting of 1 cathode
surrounded by 6 anodes, than the arrangement of 1 anode surrounded
by 6 cathodes because this former strategy promotes the removal of
the herbicide by electromigration (50.7% of the herbicide). The amounts
of herbicide that are dragged to cathode wells are low (below 3%), and
herbicide volatilization and water evaporation significantly influence
the results (over 25% of the herbicide). However, the high fluxes and
the capillary barrier appear to minimize their effect. Electro-osmotic
fluxes appear to prevent the volatilization of 2,4-D from soil. The 1c6a
strategy attains a transfer of 70% of the herbicide polluted to flushing
fluids in only 35 days in a soil targeted to be polluted with
20 mg kg−1 of 2,4-D.
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