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In this work, it was studied the treatment of soil washing effluents coming from the remediation of a soil spiked with atrazine by
using photolysis, sonolysis, electrolysis as well as photo- and sono- electrochemical technologies using diamond anodes. Results
clearly showed that both irradiated technologies were more efficient than the single electrolytic technology and these can become
a good alternative for the treatment of these effluents. Main characteristic of the effluents produced in the soil washing depended
strongly on the ratio surfactant/soil. And, as a novel catalytic effect, the production of persulfate from the sulfate released during the
oxidation of SDS played an important role in the oxidation mechanisms of this type of pollutants. Then, SDS can be proposed as an
auxiliary reagent to be introduced in the effluent when emulsion is present to increase the efficiency of the electrochemical approach
used.
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Manuscript submitted January 3, 2018; revised manuscript received March 29, 2018. Published April 18, 2018.

Pesticides are very useful compounds in agriculture which help to
increase productivity but at the same time they are hazardous for hu-
man health and the environment and so, their occurrence in wastewater
should be prevented.1 Amongst the various pesticides that have been
studied with a view to develop alternative and environmentally accept-
able treatment systems, atrazine has received considerable attention.2

Atrazine is frequently used, in combination with other herbicides,
for combating grassy and broadleaf weeds in corn, sorghum, sugarcane
crops and rangeland.3 In wastewater, this herbicide becomes a typical
persistent organic pollutant because of its low biodegradability, long
half-life and high solubility in water (33 mg dm−3 at 22◦C). In some
Latin-American countries, atrazine is the most widely used herbicide,
while it was banned in USA and Europe because several metabolites
of atrazine oxidation are more persistent in water and their occurrence
is more often than the initial molecule.3,4

Many works have been published during the last years about the
elimination of atrazine from water sources5–17 (e.g.: adsorption, anodic
oxidation, electro-Fenton, photo-assisted electrochemical oxidation,
ozonation and solar photodegradation), achieving significant insights
in effective destruction of this very persistent pollutant. However,
the pollution of soil through atrazine accumulation is also feasible
when the aquatic eco-system is not treated or when the percolation
of contaminated surface water to subsurface strata occurs. Therefore,
the combination of electrochemical approaches with advanced oxi-
dation processes, such as photo- and sono-chemical technologies18–20

has been proposed as well as the use of surfactants because selective
degradation is very challenging since target pollutants are entrapped
in surfactant micelles.21 In the first case, the association of electro-
chemical oxidation with other technologies is the best choice because
the concentration of pollutants becomes lower and consequently, the
mass transport limitations reduce significantly the efficiency of the
process20,22,23 and it is well-known that Fenton based processes, ir-
radiation of UV light and ultrasounds improve the mass transfer as
well as active the oxidants produced electrochemically.22 Meanwhile,
in the second case, selective degradation of target molecules can be
observed by using low current density and high surfactant concentra-
tion because the elimination of the pollutants entrapped in micelles
occurs either through the degradation of micelles followed by their
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degradation or by oxidation of free (extra-micellar) compounds as
well as the production of oxidants electrochemically generated from
the ions released by the surfactant degradation.21,24,25

Therefore, the objective of this work was to investigate the treat-
ment of effluents generated by soil-washing polluted with atrazine by
using photolysis, sonolysis, electrolysis as well as photo- and sono-
electrochemical technologies using BDD anodes, focusing in the ef-
fect of the emulsion particle size and the behavior of different concen-
trations of surfactant used in the soil washing process. To accomplish
this objective, two synthetic effluents were produced by washing a
soil spiked with atrazine with well-known amounts of sodium dode-
cyl sulfate (SDS). The use of SDS favors an efficient elimination of
organic pollutants from soil as well as the surfactant may produce
sulfate during its degradation, which promotes the electrogeneration
of persulfate at BDD anode, acting as an auxiliary reagent to depollute
effluents.26

Materials and Methods

Chemicals.—Kaolinite was selected as model soil. This material
is not reactive and it has a low hydraulic conductivity, low cation ex-
change capacity and zero organic content. The atrazine was chosen as
a model organic compound (98% of purity, Sigma-Alcrich). Sodium
dodecyl sulfate (SDS) was used as a model-solubilizing agent (supply
by Panreac). NaHCO3 (96%) was also obtained from Panreac. Ace-
tonitrile HPLC grade (a.r., Sigma–Aldrich, Spain) was used as mobile
phase. Double deionized water (Millipore Milli-Q system, resistivity
= 18.2 M cm at 25◦C) was used to prepare all solutions.

Apparatus and analysis procedures.—All samples extracted from
electrolyzed solution were filtered with Whatman 0.45 m nylon filters
before analysis. The atrazine concentration in the liquid phase was
determined by using a liquid-liquid extraction process, which was
carried out in separator flasks of 100 dm3 using ethyl acetate/hexane
as extraction solvent (ratio atrazine solution/solvent = 0.33 v/v). The
concentration of the compounds was quantified by HPLC (Agilent
1100 series) using analytical column Phenomenex Gemini 5 μm C18.
The detection wavelength of 223 nm was used and the temperature
oven was maintained at 25◦C. 20 μL aliquots were injected, using as
mobile phase, a mixture of acetonitrile/water (45:55 (v/v)) at 0.3 cm3

min−1. The total organic carbon (TOC) concentration was monitored
using a Multi N/C 3100 Analytik Jena analyser. COD measurements
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were performed during electrolysis using a HACH DR2000 analyzer.
Zeta potential was also measured for the clarified liquid using a Zeta-
sizer Nano ZS (Malvern, UK). Measurements of pH were carried out
with an InoLab WTW pH-meter. The particle size was monitored dur-
ing electrochemical oxidation with an analyzer acquired from Malvern
(Mastersizer Hydro 2000SM). The colorimetric method used to deter-
mine the concentration of the SDS surfactant was reported by Jurado
and co-workers.27

Preparation soil washing effluent.—Samples of polluted soil
(1000 g) were prepared by dissolving atrazine in hexane and
then mixing this atrazine/hexane solution with kaolinite. The
spiked clay was aerated during 1 day to favor evaporation of
the hexane and, in this way; the atrazine was homogeneously
distributed on the clay surface. The resulting atrazine concentra-
tion in the soil was around 100 mg kg−1 of soil. The prepa-
ration of surfactant-aided soil washing (SASW) remediation pro-
cess was carried out in a stirred batch tank. The tank volume was
800 cm3. Low-permeability soil polluted with 100 mg atrazine kg−1

of soil and 800 cm3 of solubilizing agent (containing deionized wa-
ter, different amounts of surfactant (100 and 5000 mg dm−3) and
500 mg dm−3 of NaHCO3) were mixed in the reactor for 6 h at a
stirring rate of 120 rpm. The same tank then acted as a settler (during
24 h) to separate the soil from the effluent. These effluents consisted
of aqueous mixtures of atrazine and surfactants with higher COD
content.

Bulk degradation of the soil washing effluents with electroly-
sis, photolysis, sonolysis, sonoelectrolysis and photoelectrolysis.—
Electrochemical oxidation experiments were carried out in a bench-
scale plant with a single-compartment in the electrochemical flow
cell. BDD and steel electrodes were used as anode and cathode, re-
spectively. Both electrodes were circular (100 mm diameter) cover-
ing a geometric area of 78 cm2. The interelectrode gap was about
9 mm. One of the covers of this cell was made of quartz in order
UV light to access into the reaction media. A UV lamp VL-215MC
(Vilber Lourmat), λ = 254 nm, intensity of 930 W/cm2 and energy
4.43–6.20 eV irradiating 15W directly to the quartz cover, as reported
elsewhere.20,28 The ultrasound generator was a UP200S (Hielscher
Ultrasonics GmbH, Germany) equipped with a titanium glass horn
of 40 mm diameter, length 100 mm, emitting 24 kHz and maximum
ultrasonic power 200 W.29 For the electrochemical flow cell, inlet and
outlet were provided for effluent circulation through the reactor; the
simulated effluent was stored in a thermos-regulated glass tank and
circulated through the cell using a peristaltic pump at a flow rate of
160 dm3 h−1. The electrical current was applied using a DC Power
Supply (FA-376 PROMAX) and thermostated (Digiterm 100, JP Se-
lecta, Barcelona, Spain) by means of a water bath, which allowed

Table I. Characteristic of the effluents produced by SASW
approach.

Effluent 1 Effluent 2

Surfactant/soil ratio (mg SDS kg−1 soil) 0.08 4.00
COD (mg dm−3) 276 1290
TOC (mg dm−3) 40.89 667
Mean particle size (μm) 1100 178
z-potential (mV) −24.9 −51

the temperature to be maintained at the desired set point (25◦C). The
electro-oxidation was carried out galvanostatically using 0.70 dm3 of
a solution containing 100 mg dm−3 atrazine and two different con-
centrations of SDS 100 and 5000 mg dm−3.

Results and Discussion

One of the most efficient technologies for removing low solu-
bility pesticides from soil is by washing soil with surfactant fluids.
This process (usually known as surfactant-aided soil washing, SASW)
transfers the pollutants from the soil to the washing fluid, which be-
comes wastewater from that moment and it needs for further treatment
in order to complete the remediation of the pollutant. Characteristic of
wastewaters depend importantly on the ratio surfactant/soil as showed
in Table I.

After the soil washing process, concentration of atrazine in the soil
was negligible (> 1 mg kg−1 soil (HPLC determination)). This low
value indicated that SASW approach is efficient to transfer completely
the atrazine contained in the soil to the wastewater. However, higher
efficiency on the transfer was achieved when a lower dose of surfactant
was used.

In comparing the two effluents, it can be observed that the effluent
of treatment 2 (with a higher concentration of surfactant in the washing
fluid) presented higher COD and TOC values but the size of the
particles was smaller as well as the superficial charge of them was
considerably negative. Additionally, the most important pollutant was
the surfactant which was approximately 40 times more concentrated
than atrazine. Conversely, in the effluent of treatment 1, the mass
concentration was very similar between the atrazine and the surfactant.
This means that different results can be expected when both effluents
will be treated by electrochemical technologies.

The performance of the electrochemical assisted-technologies
studied in this work was compared by using the most common oper-
ation conditions typically reported in the literature about the electro-
chemical oxidation of wastes polluted with pesticides (current density:
30 mA cm−2; temperature: 25◦C; surface/volume ratio 0.1 dm−1; UV

Figure 1. Changes in the mean-size of micelles during the electrolysis (�), sonoelectrolysis (�), photoelectrolysis (�), sonolysis (♦) and photolysis (�) of soil
washing effluents obtained with ratio surfactant/soil of 0.08 mg SDS/Kg soil (a) and 4.00 mg SDS /Kg soil (b).
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Figure 2. Changes in the z-potential during the electrolysis electrolysis (�), sonoelectrolysis (�), photoelectrolysis (�), sonolysis (♦) and photolysis (�) of soil
washing effluents obtained with ratio surfactant/soil of 0.08 mg SDS/Kg soil (a) and 4.00 mg SDS /Kg soil (b).

irradiation: 254 nm and 930 W cm−2 with 4.43–6.20 eV irradiating
15 W; US irradiation 24 kHz, with 200 W). Thus, Fig. 1 illustrates the
particle size variation when the soil-washing effluent polluted with
atrazine/SDS was treated by using electrolysis, photolysis, sonolysis,
photoelectrolysis and sonoelectrolysis.

As it can be observed, particle sizes decreased during the treatment
till their complete depletion by using electrolysis, photoelectrolysis
and sonoelectrolysis as treatment methods (Fig. 1). In single elec-
trolysis, the decrease appears to fit a linear rather than exponential
shape, with two different slopes (1600–400)/7.3 μm/min for mean
particle size over 400 μm and 200/20 μm/min for smaller particles.
This later slope was the same for both tests. In comparing these three
technologies studied, the decrease on the particle size was signifi-
cantly efficient when irradiated tests (light and US) were associated to
electrolysis than in single approach. Initially, mechanisms expected in
both treatments were completely different. By using US irradiation,
it was expected an increase in the turbulence and consequently, lower
limitations in direct electrolytic process should be observed. However,
only decomposition of labile oxidants (if any) to radical species can
be expected due to the low frequency used (24 kHz), but no formation
of hydroxyl radicals from water decomposition is feasible. Another
interesting feature was that, cavitation phenomena could be attained;
promoting the fragmentation of atrazine molecules, and consequently,
it favored the elimination of atrazine from the wastewater. Conversely,
with UV light irradiation, mass transfer cannot be improved because
a massive formation of radical species is expected. In fact, the results
demonstrated that the production of oxidants by UV irradiation cou-
pled to electrolysis favored the degradation of surfactant and atrazine
in the effluents (discussed below). It is important to indicate that, no
significant effect was achieved when sonolysis and photolysis were
employed. This behavior indicates that, single technologies did not

produce the enough amounts of oxidants to favor the elimination of
pollutants in the soil washing effluents.

On the other hand, it was note that, the micelles in the soil wash-
ing effluent consists of microdrops of atrazine surrounded by SDS
molecules with negative sulfonic group facing the water. It should
be indicated by the surface charge of micelles, which was measured
by z-potential technique. In fact, the higher the concentration of SDS
molecules in the micelles, the more negative was the resulting charge
(Fig. 2). At this point, it means that attack to the micelles will be an
important parameter about the mechanisms of oxidation.

Different changes were observed in the tests carried out. More neg-
ative z-potential values were observed when the effluent 1 was treated,
suggesting that the decrease in size of the micelles was followed by
a reorientation of the SDS, making the new smaller particles more
negative.30 Conversely, more positive z-potential values was measured
when effluent 2 (with a higher SDS/soil ratio) was treated; indicating
that the particles become less negative in their surface than those con-
tained in the raw washing fluid when the treatment was started. Then,
the type of charge in the particles during the treatment with three
technologies (electrolysis, photoelectrolysis and sonoelectrolysis) de-
pended only on the waste treated. In the end of the treatments, similar
z-potential values were achieved ranging from −40 to −50 mV. The
most important observation was the less negative value attained by the
electrolytic treatment, which may indicate a more efficient depletion
of the SDS from the micelles. In the case of sonolysis and photoly-
sis, no important alteration on the charge of particles was observed,
indicating that the micelles formed were not degraded by using these
approaches due to the lower amount of oxidants produced.

Once characterized the changes in the micelles atrazine-SDS, it is
important to focus on the changes in the concentration of both species
during the treatment of the soil washing wastes when electrolysis,
photoelectrolysis and sonoelectrolysis were applied. Fig. 3 shows the

Figure 3. Changes in the SDS concentration during the electrolysis (�), sonoelectrolysis (�), photoelectrolysis (�), sonolysis (♦) and photolysis (�) of soil
washing effluents obtained with ratio surfactant/soil of 0.08 mg SDS/Kg soil (a) and 4.00 mg SDS /Kg soil (b).
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Figure 4. Changes in the sulfate concentration during the electrochemical
treatment of washing effluents: 100 mg dm−3 (�) and 5000 mg dm−3 (●) of
surfactant.

changes in the concentration of the surfactant SDS during the elec-
trolysis of the two soil-washing wastes studied in this work (obtained
after washing the soil with 100 and 5000 mg dm−3 SDS solution). A
complete oxidation of the surfactant was attained by applying electrol-
ysis, photoelectrolysis and sonoelectrolysis, at both effluents. This fact
clearly indicated that severe oxidation conditions during the treatment
of the waste with the three technologies were accomplished. Mean-
while, different conclusions can be established when a comparison of
the these technologies is performed. For sonolysis and photolysis, no
degradation of SDS was achieved. In the case of photo-electrolysis, the
results clearly demonstrated that this was the most efficient technology
for treating different effluents with lower and higher concentrations of
SDS. Additionally, in comparing the treatment of the two wastes, the
effluent with high concentrations of SDS was efficiently depolluted by
using electrolysis, photoelectrolysis and sonoelectrolysis, achieving
slight performance differences between them. Conversely, the effect
on the efficiency of photoelectrolysis was very important when the
effluent polluted with low concentrations of SDS was treated.

In order to explain the differences observed, it has to be taken
into account that the concentration of SDS used. The oxidation of
SDS allowed to release sulfates in solution, which are precursors in
the formation of persulfates during the treatment.31 The occurrence
of these powerful oxidants was the key to understand the differences
between the processes. In a reaction system with organics, it has no
sense to determine the concentration of persulfates because these ox-
idants react rapidly with the pollutants. However, the concentration
of sulfate (shown in Fig. 4 as the maximum concentration obtained)

is an indicator of the possible formation of these species. As can be
observed in Fig. 4, a significant concentration of sulfate was deter-
mined when electrolysis, photoelectrolysis and sonoelectrolysis were
applied. This behavior indicates that, SDS molecule was fragmented
and after that, an important amount of sulfate ion was released in the
effluent, then, these ions were oxidized at BDD surface, favoring the
production of persulfates.26 In fact, this novel mechanism was already
confirmed by Araújo and co-workers26 and similar mechanisms was
supposed by Trellu.21 However, persulfates were also activated by US
or UV irradiation to produce sulfate radicals,22 degrading efficiently
the pollutants in the effluent.

As showed in Fig. 5, a complete removal of the pesticide, below
detectable concentrations by HPLC, was accomplished. However, ex-
cept for the photo-electrolysis which attained comparable efficiencies
for both wastes (100% of atrazine elimination after 250 min (Fig. 5));
the treatment of the waste polluted with a higher concentration of SDS
seems to be more efficient with electrolysis and sonoelectrolysis. An-
other feature is that a complete removal of atrazine was attained for
current charge applied after 400 min (Fig. 5) by using electrolysis and
sonoelectrolysis. These behaviors can be also explained with the for-
mation of persulfates. Higher SDS concentrations in the waste may
lead to higher concentrations of S2O8

2− from SO4
2− ions (2SO4

2−

→S2O8
2− + 2e−)20,22,26,30,31 on BDD surface, after SDS breaking

structure.26 It contributed to complete the degradation of remaining
atrazine as well as part of the organic surfactant. Hydroxyl radical
(BDD(•OH)) formed from water discharge on BDD surface from
reaction: H2O → •OH + e− + H+,32 may also be considered the
responsible species for the electrochemical combustion of organic
pollutants in the emulsion.22,24,25 One important point to explain the
better performance of the photolectrolysis and sonoelectrolysis in the
waste with lower concentration of SDS, it was that activation of per-
sulfate by US or UV irradiation20,22 leads to the production of radical
sulfate, which is more effective in the oxidation than the persulfate.
However, the activation by UV irradiation is more efficient. These
assertions are confirmed by the behavior observed at sonolysis and
photolysis, where no activation of persulfates was achieved because no
enough amount of persulfate was produced and no BDD electrolysis
was used. Also, the kinetic constants obtained for removing atrazine
and SDS from effluents confirmed the efficiency of sonoelectrolysis
and photoelectrolysis treatments (Fig. 6).

Figs. 7 and 8 showed the values of changes in the values of the
TOC and COD during the tests carried out to the two washing-fluids.
Total mineralization (Fig. 7) and oxidation (Fig. 8) of organic matter
in the effluents were achieved by using electrolysis, photoelectrolysis
and sonoelectrolysis regardless of its initial composition of the waste
and differences between technologies. For electrolysis when the ef-
fluent 1 was treated (Fig. 7a), it was observed that after 20 min, TOC
decayed about 60% but, a plateau behavior was observed between
20 and 80 min. For sonoelectrolysis, 80% of TOC removal was at-
tained after 30 min of treatment of the effluent 1, subsequently, the
elimination was slowly achieved until 250 min. Similar effects were

Figure 5. Changes in the atrazine concentration during the electrolysis electrolysis (�), sonoelectrolysis (�), photoelectrolysis (�), sonolysis (♦) and photolysis
(�) of soil washing effluents obtained with ratio surfactant/soil of 0.08 mg SDS/Kg soil (a) and 4.00 mg SDS /Kg soil (b).
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Figure 6. Kinetic constants (k) in the oxidation (empty symbols, in terms
of COD) and mineralization (full symbols, in terms of TOC) of Atrazine
(diamonds) and SDS (circles) by concentration SDS 100 (full symbols) and
5000 (empty symbols) mg dm−3 of soil washing effluents.

observed for COD removals at electrolysis and sonoelectrolysis. This
behavior can be due to the formation of intermediates that are difficult
to degrade when electrolysis and sonoelectrolysis approaches are ap-
plied (Fig. 7a), even when these byproducts were gradually degraded
until their complete mineralization (in fact, HPLC results expressed
in terms of chromatographic areas confirm that a significant amount
of intermediates are produced at electrolysis and sonoelectrolysis, see
Fig. 9). Conversely, a rapid mineralization was initially accomplished
by photoelectrolysis (Fig. 7a), which was completed after 100 min for

the effluent 1. In fact, no significant amount of byproducts is produced,
favoring the mineralization of the organic matter (Fig. 9).

Fig. 7b also showed TOC values as a function of time, observing
that the removal of organic matter was quickly removed after 50 min
from effluent 2, after that, the elimination was gradual due to the
mass transport conditions. These figures are related to the produc-
tion of persulfate when surfactant molecules were broken, releasing
sulfate ions in solution. Subsequently, synergistic effects of sonica-
tion and irradiating photo-electrolysis light were clearly observed in
the oxidation rate due to the improvement of mass transfer to the
conductive-diamond surface in the case of sonoelectrolysis and to
the promotion of the formation of radicals in the bulk solution from
oxidants produced electrochemically in the case UV light. These ox-
idant species (persulfates) together with the •OH radicals can favor
the removal of organic matter through the mediated oxidation. It is
important to remark that, no significant elimination was observed at
sonolysis and photolysis technologies because no efficient formation
of oxidants was attained. Then, these approaches were not efficient to
be applied for treating this kind of effluents.

Conclusions

From this work, the following conclusions can be drawn:
Combination of soil washing and electrochemical advanced oxi-

dation technologies based on diamond electrodes was a very efficient
method for the depletion of atrazine from polluted soils and effluents
generated,

Characteristics of the effluent produced in soil washing treatments
were strongly influenced by the ratio surfactant/soil used, however,
SDS was a good auxiliary reagent to remove pesticides from soil and
it contributed when BDD-based technologies were used for degrading
the effluent produced,

Figure 7. Changes in the TOC during the electrolysis electrolysis (�), sonoelectrolysis (�), photoelectrolysis (�), sonolysis (♦) and photolysis (�) of soil washing
effluents obtained with ratio surfactant/soil of 0.08 mg SDS/Kg soil (a) and 4.00 mg SDS /Kg soil (b).

Figure 8. Changes in the COD during the electrolysis electrolysis (�), sonoelectrolysis (�), photoelectrolysis (�), sonolysis (♦) and photolysis (�) of soil washing
effluents obtained with ratio surfactant/soil of 0.08 mg SDS/Kg soil (a) and 4.00 mg SDS /Kg soil (b).
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Figure 9. Main intermediates detected during treatment soil washing efflu-
ents. Intermediate 1 (�♦) and intermediate 2 (●◦). Full symbol: 100 mg dm−3

of SDS; Empty symbol: 5000 mg dm−3.

The mean particle size indicated the formation of micelles which
were fragmented when sonoelectrolysis, photoelectrolysis and elec-
trolysis were used as treatment processes, indicating that oxidation
mechanisms involved the attack of oxidants to the surface of micelles,

Electrolysis with diamond electrodes of the waste produced in the
soil washing was very efficient and it attained the total depletion of
pollutants by mineralization, but it was less efficient than photoelec-
trolysis and sonoelectrolysis approaches,

Persulfate produced by oxidation of the sulfate released, during
the oxidation of SDS, played an important role in the oxidation mech-
anisms of this type of pollutants, and it can be proposed as an aux-
iliary reagent to be introduced in the effluent to increase the effi-
ciency of the electrochemical approach used by trapping pollutants
as well as by producing persulfates. Even if the SDS is itself a pollu-
tant, it can be completely removed after its active participation in the
process.
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