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Soil degradation is a global concern. Electrochemical remediation (ER) technology is
considered an appealing strategy for soil remediation because it is a low-cost, adapt-
able, and effective noninvasive in situ technology. Currently, the remediation of soil
characterized by fine grains, low-hydraulic permeability, heterogeneous conditions, and
mixtures of contaminants is still challenging since other conventional technologies are
poorly effective. ER of soil is based on the application of low potentials between a couple
of electrodes which induces an electric field (E) in the contaminated field. In this work,
very low values of electric field (E < 0.25 V cm~!) were used for the ER of contaminated
kaolin. Phenol was selected as model hazardous organic compound and kaolin as model,
reproducible and low buffering and low permeability clay. The effect of several factors,
including the nature of the electrodes, treatment time, kind of current, the strength of

Low electric field the E and the nature of supporting electrolyte, on the performance of the process was

investigated in detail and discussed in terms of the normalized phenol concentration and
its total removal from the kaolin. Overall, the main finding is that the use of very low
value of E (0.15 V cm™!) can allow to simultaneously desorb, mobilize and also in-situ
degrade phenol. The highest removals of phenol up to approximately 80% and 90% from
the kaolin under both direct and sinusoidal E, respectively, were reached using compact

graphite as electrodes in presence of Na,;SO4 into the kaolin.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Over the last century, lands and soils have been polluted by a wide range of industrial activities, which have discharged
toxic chemicals into the environments. Both outcomes of accidental spills and improper management resulted in the
presence of many contaminated sites worldwide (Chen et al., 2018; Gereslassie et al., 2019; Huysegoms and Cappuyns,
2017; Ronchi et al., 2019; Song et al., 2018a). Contaminants include a wide range of toxic pollutants such as polycyclic
aromatic hydrocarbons, phenolic compounds, heavy metals, and radionuclides. Phenol and, more in general, phenolic
compounds are typical organic pollutants found in soil and are considered as priority pollutants since they are dangerous
for human health and ecosystem because of their recalcitrant nature and their toxicity (Annamalai et al., 2022; Karim
etal, 2021; Lin et al.,, 2021; Vaiano et al., 2018; Thepsithar and Roberts, 2006). Soil degradation is a global concern and, to
protect public health and the environmental, on 17 November 2021, the European Union Commission has adopted a new
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ambitious EU soil strategy for 2030. This program sets out a framework and concrete actions by 2030 to protect and restore
soils, remediate contaminated sites, and ensure that they are used sustainably, to achieve healthy soils by 2050 (EU, Soil
strategy for 2030, 2023). Currently, many conventional technologies are not effective or cheap for the remediation of sites
characterized by fine grains, low hydraulic permeability, heterogeneous conditions, and mixtures of contaminants. The
remediation of these sites has become a crucial priority. To face with this challenge, in the last years, several technologies
based on physicochemical, thermal, electrochemical, and biological principles have been investigated (Annamalai et al.,
2022; Sharma and Reddy, 2004; Vaiano et al., 2018). Among these approaches, electrochemical technologies have shown a
great potential to remediate such complex polluted sites (Reddy and Cameselle, 2009). Electrochemical treatments could
decrease soil contamination by transporting and/or transforming pollutants or extracting trapped materials (i.e., heavy
metals, oils and petroleum) which may not be effectively recovered by other means. Over other conventional technologies,
electrochemical remediation have shown unique advantages (Acar and Alshawabkeh, 1993; Reddy and Cameselle, 2009;
Zanko et al., 2020) such as: (i) possibility to use it as both ex situ or in situ method; (ii) simple design and implementation
on the field; (iii) easy integration with conventional technologies, including barrier and treatment systems; (iv) low-cost
and efficient noninvasive technology; moreover, (v) it is practicable and adaptable for different kinds of contaminant and
soils, especially for low permeability clayey deposits containing soluble and/or adsorbed compounds (Saini et al., 2021).

The electrochemical remediation (ER) of contaminated soil process is based on the application of proper potentials
between a couple of electrodes which induces an electric field (E) in the contaminated field. Under the induced E, the
process involves the movement of water (electroosmosis), ions (electromigration) and charged particles (electrophoresis)
and electrochemical reactions (Acar and Alshawabkeh, 1993; Reddy and Cameselle, 2009; Zanko et al., 2020). According
to the literature, the efficiency of the electrochemical treatment for the soil remediation depends on several factors
including intensity and type of the applied E, soil pH, treatment time, nature of the electrodes, usage of enhancing agents
(surfactants and chelating, oxidant agents (Tang et al., 2021; Wang and Wang, 2018)), contaminated media characteristics
(such as buffer capacity, mineralogy, and organic matter content) among others (Reddy and Cameselle, 2009; Sharma
and Reddy, 2004). Depending on the intensity of the applied E, the current literature commonly refers to electrokinetic
(EK) processes (E > 1V cm™!) and electrochemical geo-oxidation (ECGO) processes (approximately 0.0025 < E < 0.25
V cm™!) (Reddy and Cameselle, 2009). However, in this last case, also the term EK at low potentials or EK under low-
strength electric field is used. In the case of ECGO process it was reported that, other than the four principal mechanisms
of electrolysis, electroosmosis, electromigration, and electrophoresis involved in the EK process (Acar et al., 1995; Tang
et al., 2021; Wang and Wang, 2018), one more mechanism of electrochemical degradation was claimed, consisting in
reduction-oxidation reactions at the microscale (Acar and Alshawabkeh, 1993; Saini et al., 2021; Zanko et al., 2020).
Indeed, according to Rahner et al. (2002) and Rohrs et al. (2002), in this technology, the soil particles act as ‘micro-
conductors’ and the wet soil as a ‘diluted’ electro-chemical solid bed reactor, in which electrochemical reactions can be
induced on or near soil particles. This approach uses low voltage and/or both direct and alternating amperage applied in a
proper sequence to induce reduction-oxidation reactions on soil solid surfaces at the micro-scale. According to previous
literature, each sediment particle acts as a micro-capacitor that charges and discharges in a cyclic fashion; the energy
burst on discharge at the micro-scale is intense, theoretically resulting in transformation of most organic contaminants
to CO, and H,0 near the conducting particle surface (Sharma and Reddy, 2004; Zanko et al., 2020). ECGO self-generates
the agents for reduction (H as ion or radical) and oxidation (O elemental, OH and its radicals, HO, and its radicals) at
the electrode sites as well as within the pores. Hence, two kinds of electrodes can be observed in EK under low-strength
electric field technology: (i) working electrodes to induce the electric field into the soil and (ii) the soil particles serving as
microelectrodes including the solid/electrolyte interface (Sharma and Reddy, 2004). This approach is especially appealing
because there is no need to add external oxidants (Zanko et al., 2020). The mobility of organic pollutants in contaminated
sites is usually poor, resulting in slow remediation processes. In the last years, the removal of phenol and more in general
of phenolic compounds from the soil was investigated by few authors (Acar et al., 1992; Luo et al., 2005, 2006; Thepsithar
and Roberts, 2006; Zhang et al., 2005). Most of the works were performed under a E > 1V cm™! with the aim to mobilize
and transport the compounds from the soil towards the electrolyte compartments (Acar et al., 1992; Luo et al., 2005,
2006; Zhang et al., 2005). The common finding of these works was that the induced E could desorb and drive the phenol
through the soil towards the electrode compartments generating a secondary pollution, which must be disposed of and
treated as dangerous waste effluent. In addition, post-treatment of the extracted solutions at the electrodes makes this
treatment very costly. In the current literature, ER approach under low-strength electric field (e.g. ECGO) was widely
investigated coupled with other technologies, e.g. the phytoremediation of contaminated soil, resulting in a good process
performances (Acosta-Santoyo et al., 2017). Up to our knowledge, the ER of soil and/or low permeability clay from organics
using a low-strength electric field (i.e. less that 0.25 V cm~!) was investigated at lab-scale, mainly mediated by microbial
activity (Chen et al.,, 2021; Huang et al., 2011; Li et al., 2017; Wu et al., 2018). Zanko et al. (2020) reported the application
of the ECGO technology for the treatment of sediments contaminated by polychlorinated biphenyls (PCBs) from New
Bedford Harbor (NBH), Massachusetts, for approximately 1900 days. More recently, attempts were made to evaluate the
treatment of metals using this process; Hsueh et al. (2022) investigated the possibility to treat Cr/Ni contaminated soil
(sandy loam composed of 96.0% sand and 4.0% clay) by EK/ECGO system by varying several operating parameters, including
the electrode configuration, potential gradient, processing fluid. In this framework, very low results on basic of the ECGO
process at lab scale are reported in the literature. Hence, to investigate this technology, in this work, very low values of
electric field (E < 0.25 V cm™') were used for the ER of contaminated kaolin at lab-scale. Phenol (200 mg/Kg) was selected
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as model hazardous organic compounds due to its recalcitrant nature and toxicity, while kaolin was employed because
it provides a model, reproducible and low-buffering clayey soil. Hence, the effect of several factors, including the nature
of the electrodes (graphite, stainless steel, DSA® [Pt), treatment time (over 4-days), kind of current (direct or a sinusoidal
E), the strength of the E and the nature of supporting electrolyte (NaCl, Na,SOy,4), on the performances of the process was
investigated in detail and discussed in terms of the normalized phenol concentration (i.e. Cppenol/ Cf,’heno, where Cppenor and
C,?henol are the phenol concentration after the treatment and its initial one, respectively) and its total removal from the
kaolin.

2. Materials and methods
2.1. Chemicals

Bi-distilled water and phenol (Merck, purity > 99%) were used as solvent and model pollutant, respectively, while NaCl
(Sigma Aldrich, > 99%, 0.1 M) and Na;S0O,4 (Sigma Aldrich, > 99%, 0.1 M) as supporting electrolyte. Methylene chloride
(Riedel-de Haén, puriss p.a., Reag. ACS, Reag ISO) was used to extract phenol from the kaolin samples. Acetonitrile and
high-performance liquid chromatography (HPLC) grade water were obtained from Sigma Aldrich. All chemicals were
at least ACS-grade and were used as received without further purification. Compact graphite (Carlo Erba Reagents),
commercial stainless steel AISI 316, a Ti/IrO,-Ta;0s sheet (commercial DSA® -Dimensionally Stable Anodes, - which is a
titanium anode coated with proprietary and patented mixed metal oxide compositions comprised of different elements,
i.e., iridium and tantalum (Ti/IrO,-Ta,0s sheet) supplied by ElectroCell AB) and platinum plate (99.9% trace metals basis)
were selected as electrodes material.

2.2. Spiked-kaolin and electrochemical remediation experiments

Kaolin, a hydrate aluminum silicate material, (Al,Si,05(OH)4) was used as a model, reproducible, low-buffering, and
low permeability clay mineral. For this work, kaolin is in the form of a fine white to light yellow powder (product
specification CAS N:1332-58-7, supplied by Sigma-Aldrich) with a particle size distribution (when dry) of between 0.1
and 4 wm and naturally acid (using a water/kaolin mass ratio of 1.8: pH 3.78) (Al-Shahrani and Roberts, 2005). Before
to be spiked, 100 g of kaolin pleaced in a Pyrex horizontal vessel and was dried for 24 h in an oven at 105 °C. After the
kaolin was artificially spiked with phenol at 200 mg/Kg of dried kaolin reaching a water content, W, of approximately
66%. In particular, to prepare 100 g of spiked kaolin at W of 66%, 40 g of an aqueous solution of 3.2 mM of phenol was
mixed with 60 g of dried kaolin, sealed and equilibrated for 24 h by using a horizontal shaker at 200 rpm. It is reported
that the phenol adsorption capacity of the kaolin is 300 mg/Kg (Safwat et al., 2019). In our case, the initial content of
phenol was less than the saturated sorption amount, thus letting us to assume that most of the phenol is absorbed at the
kaolin at this content. The initial pH was approximately 6.

Electrolyses was conducted in a Plexiglass® electrokinetic cell of total empty volume of 60 mL. A pair of electrodes
(active area of 3 cm?) were symmetrically inserted into the clay bed and the distance between anode and cathode was
10 cm (System I, Fig. 1a). The moist spiked kaolin was then placed into the electrokinetic cell by layers. Each layer was
pressed down using a Plexiglass pestle and vibrated so that the amount of void space was minimized. After that, the
kaolin specimen was compacted for 12 h. 66 g of spiked and moist kaolin was inserted in System I. When 66 g of spiked
kaolin was placed in the cell (filled volume of the cell, V = 40 cm?), its water content, W, was approximately of 66%wt.,
bulk density, pp, of 1.65 g cm ™3, a specific gravity, G, at 20 °C of 2.43 (determined according to ASTM D 854-02) and a
porosity, &, of 0.59 (§ = Vv/V = (V — V;)/V = 1 — (Wdried—kaolin/ Gs ow))[V, Where vy, vs, Wdried—kaolin and py were the
void volume, solid volume, placed dried kaolin mass (Waried—kaolin = 39.6 g) and the water density (o = 0.997 g cm—3)
respectively).

Then, at zero time, kaolin samples were retained to determine the actual initial content of phenol (C,?henol), kaolin pH,
and water content (W), since a portion of the pollutants and water could volatilize during the preparation. Once the
preparation was completed, the system I was enclosed with a Plexiglass cover to prevent the kaolin bed from excessive
evaporation of water. A constant direct or sinusoidal electric field (E) was applied to the electrodes using an Amel 2053
potentiostat/galvanostat or a Philips PM 5134 function generator 1 mHz-20 MHz, respectively. The electric field gradient
ranged from 0.005 to 0.25 V cm~! in the different tests.

Fig. 1b shows the system II (EK) used to perform an electrokinetic treatment under high E value of 1V cm~!. System II
was a home-made Plexiglass® cell. It is constituted by three compartments: two external electrolyte compartment (V =
30 mL) filled with deionized water where electrodes were located and one central compartment where the spiked kaolin
is placed. In this case, a total amount of 100 g of spiked kaolin with a moisture of 66% was placed inside the cell. Two
compact graphite electrode (area 4 cm?) was used. The cell was sealed by using stainless steel bolts and leakage was
avoided by using O-rings placed among the different section. Filter paper was used to avoid that the clay particles was
mixed with the electrolyte compartments. Once the spiked kaolin was completed, system Il was enclosed with a Plexiglass
cover to prevent the kaolin bed from evaporation of water. In this case, an AMEL potentiostats/galvanostat Model 2549
was used.
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Fig. 1. Schematic view of the electrochemical cell for the treatment of the spiked kaolin: (a) System I for treatment under low-values E (ECGO) and
(b) System II for the electrokinetic treatment at 1 V cm™! (EK).

Electrochemical treatments were conducted twice for each test to ensure reproducibility of the data, and control ex-
periments with no application of electric field were carried out. The experiments were conducted at ambient temperature
over a 1-, 2- or 4-day period.

At the end of each electrochemical treatment, kaolin samples were taken to analyze the residual content of phenol in
the kaolin, kaolin pH and water content. The sampling section are shown in Fig. 1, namely S1, S2 and S3 which are the
sampling position near to the anode, middle and cathode, respectively.

2.3. Analytical methods

Phenol was extracted from the kaolin samples using pure methylene chloride (Sigma-Aldrich) (Luo et al., 2006).
Approximately 1.0 £ 0.05 g of the well mixed treated clay sample was mixed with 6.5 g of methylene chloride in a
Teflon-sealed glass vial, extracted by sonication for 30 min and centrifugated at 4000 rpm for 30 min. Each kaolin sample
was extracted three times to ensure that the phenol was extracted completely. The supernatant was filtered through
0.45 pm Teflon membrane and analyzed by HPLC.

The concentrations of phenol and chlorophenols (2-chlorophenol, 4-chlorophenol, 2,4-dichlorophenol,
2,6-dichlorophenol, 2,4,6-trichlorophenol) were evaluated by HPLC using an Agilent 1260 fitted with a Kinetex 5 pm
C18 column 100 A 150 * 4.6 mm (Phenomenex) at 25 C° and coupled with a UV detector working at 214 nm. A solution
of water (Honeywell, HPLC grade) and acetonitrile (Merck, HPLC grade) has flowed at 1 mL min~' as the mobile phase into
the column. It was used a gradient type of elution. In particular, the gradient profile was: (i) time = 0 min 20/80%vol/vol
acetonitrile/water; (ii) time = 5 min 95/5%1/vo1 acetonitrile/water. The detection limits were estimated based on the
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standard deviation of the response and the slope of the calibration curve. According to the ICH guidelines, LOD = 3.3
o /S and LOQ = 10 o/S where o is the standard deviation of the response calculated using the Microsoft Office Excel
function “ERR.STD.YX” and S is the slope of the calibration curve. LOD and LOQ were estimated to be approximately 13
and 4 mgpheno/Kg, respectively. Calibration curves were obtained by using the pure standards of phenol (purity > 99%,
Merck) (retention time 3.8 min), 2-chlorophenol (purity > 99%, Sigma-Aldrich) (retention time 4.6 min), 4-chlorophenol
(purity > 99%, Sigma-Aldrich) (retention time 4.7 min), 2,4-dichlorophenol (purity > 99%, Sigma-Aldrich) (retention time
5.3 min), 2,6-dichlorophenol (retention time 5.15 min), (purity > 99%, Sigma-Aldrich), 2,4,6-trichlorophenol (purity > 99%,
Alfa-Easer) (retention time 5.8 min) with respect to the methylene chloride (Riedel-de Haén, puriss p.a., Reag. ACS, Reag
ISO). The aqueous electrolytes after treatment using System II were analyzed by HPLC equipped with the kineticx 5 pm
C18 column (Phenomenex) with the same method to identify phenol, in this case the calibration curve was performed
using different concentration of phenol solution.

The kaolin pH was measured with a Checker® pH Tester (HI98103) supplied by HANNA® instruments using a ratio
kaolin:water of 1:10. Before the measurement of the pH, the sample was equilibrated for 6 h by using a horizontal shaker
at 200 rpm.

Moisture, which represents the water content (W), was calculated according to the method NF P 94-050 (Eq. (1)):

W= (wevaporatedwater) /wdried—sample = (wmoist—sample - wdried—sample)/wdried—sample * 100 [=]% (1)

where Wevaporatedwater» Wmoist—samples ANAWaried—sample are the weight of the evaporated water, of the moist and dried sample
(g), respectively.

In order to directly reflect the relative change of phenol in the kaolin, all the results are evaluated in terms of
normalized phenol concentration Cpheno; /C,?heno, as the ratio of the final phenol content (Cppenoi/MEphenot/Kg of dried kaolin)
to the initial content (Cgheno,/ Mgphenol/Kg of dried kaolin). To check the phenol homogeneity distribution along the cell,
the initial phenol content in the kaolin was determined for each experiment at the zero time by sampling approximately
1.00 + 0.05 g of contaminated kaolin from each region S1, S2 and S3 and analyzing them as previous described. In all the
case, the initial concentration of phenol was close to the fixed value of 200 mgppenoi/Kg with a deviation of 410 mgppenoi/Kg
(CPhenol/Cgheno[ =1=% 005)

The total removal efficiency of phenol, R, refers to the residual phenol at the end of the treatment in all the treated
spiked kaolin respect to the initial amount of phenol charged in the cell and was computed by Eq. (2).

R= (wghenol - wllgggggl)/wghenol * 100 = Z (1 - CPhenoI/Clghenol)|“/3 * 100[=]% (2)
n=S1,52,53

where wghenol is the initial phenol (mg) and wgggﬁgl is the phenol retained in the kaolin after treatment (mg) in all the
amount of kaolin charged in the cell.
Energetic consumption (EC) was computed by Eq. (3):

EC = AV %I s t/w % 107> [=] kWh/Kg (3)

where AV is the applied cell potential (V), I the intensity current (A), t treatment time (s) and w is total mass of treated
dried kaolin in the experiment (Kg).

For each experiment, different contaminated kaolin samples (at least two samples of 1.00 £ 0.05 g each) were taken
from each section S1, S2 and S3 of the cell and analyzed for the quantification of the phenol content, water content (W),
and pH. W of the kaolin samples was determined also at the end of the test in order to evaluate the residual Cppeno
expressed as the amount of phenol (mgpheno;) With respect to the dried kaolin (Kg), since, under an applied E, there is
a movement of the water from the region close to the anode (S1) towards the cathode side (S3) which slightly change
the final water content with respect the initial value. All the analyses were performed in triplicate, and the results were
calculated as the average.

After the electrochemical treatment tests were completed, a mass balance was conducted for the phenol in the cell.
Over the periods of 4 days, 92%-96% of the initial phenol was recovered, which was considered sufficient for the purposes
of this study. These showed that there was an overall mass balance of phenol before and after the test. The discrepancies
in the mass balance might be caused by volatilization of phenol and by adsorption to the electrokinetic equipment, such
as the Plexiglas cells, electrodes, and sample vials.

3. Results and discussion
3.1. Electrochemical remediation of phenol under direct electric fields

To investigate the effect of a low-strength electric field (E) on the ER of kaolin contaminated by phenol (C,E’hem, of 200
mg/Kg, W of 66%wt.), a first series of electrolyses was performed under a low direct E of 0.25 V cm~! using compact
graphite as electrodes for 24, 60 and 96 h. Electrodes were placed in direct contact to the kaolin without any physical
barrier to avoid additional electrical resistances. Fig. 2 reports the distribution of the Cphenoi/CJ,eny i the region of the

spiked kaolin (S1 — close to the anode area, S2 — middle area, and S3 — close to the cathode area) and the total removal
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Fig. 2. Effect of the time on the electrokinetic treatment of kaolin contaminated by phenol (C{,’henol = 200 mg/Kg). (a) Plot of the Cphem,,/C,?henD, Vs,
S1, S2 and S3, which are the sampling position near to the anode, middle and cathode region (as described in detail in the Section 2.2), respectively.
Cphg"al/cghenol of 1 indicates the time zero of treatment: red dashed line (— — —). (b) Plot of the total phenol removal, R, vs. time. Electrolyses

was performed at 0.25 V cm™! for 24, 60 and 96 h. Compact graphite was used as anode and cathode material. Approximately 66 g of spiked kaolin
with a W of 66%wt. was treated in System I.

of phenol from the kaolin. Previous work reported that the kaolin absorption capacity of phenol ranged from 300 (Safwat
et al.,, 2019) to 1000 mgphenol/Kg (Acar et al., 1992); according to Acar et al. (1992) at phenol concentration lower than
this range, a most of the phenol was adsorbed by the kaolinite, and its removal required the desorption into the pore
fluid and migration towards the electrode. In our work, the initial content of phenol was approximately 200 mgppeno/Kg,
which was less than the saturated sorption amount. Hence, also in our case, the mobilization of the phenol requires its
desorption from kaolin’s particle surface since most of the phenol is expected to be absorbed at this content (Acar et al.,
1992). At the beginning of the treatment, the phenol in the spiked kaolin was uniformly distributed (Cppenor/ Cl‘,)henol ~1).
After 24 h, under a constant E of 0.25 V cm~, the phenol was concentrated in a specific region of the kaolin (Fig. 2a). In
particular, the concentration of phenol was approximately 13% higher with respect to the initial value in the region S3
(Cpheno,/Cghm, > 1) and 10% and 40% lower in the region S2 and S1 (Cpheno]/cghenol < 1), suggesting that a certain amount
of phenol is moved from the region S1 to S3 and it is accumulated in region S3. This result shows that under the low
applied E, phenol can be desorbed and moved through the kaolin. In particular, the higher content of phenol close to the
cathode region (Fig. 2a) indicates that phenol is transported, in our case, by the electroosmotic flow induced in the kaolin
from the applied E with respect to electromigration mechanism.

When an E is applied to a wet low permeability mineral through electrodes, electrolysis of pore fluid occurs at the
electrode; using deionized water as electrolyte, the only dominant reaction is the electrolysis of water. Water oxidation
produces H* at the anode while water reduction generates OH™ at the cathode, resulting in a change of the kaolin pH
(Saichek and Reddy, 2003). The change in pH can affect the sorption and dissociation of organics in minerals. In our
case, the initial pH of the kaolin was estimated to be approximately 6; in line with the literature, after 96 h, the pH
decreased to 3.5 in the region S1 and increased to 8 in the region S3 (see Supplementary Information, CG/CG of Figure
S1). Under the adopted conditions, the pH change can be tentatively attributed to the water electrolysis since the applied
cell potential (2.5 V) is theoretically sufficient to activate the water electrolysis. The final pH of the contaminated kaolin
confirm that phenol is transported through the kaolin via electroosmotic flow, since the pKa of the phenol is 9.98 and at
lower pH the phenol is not dissociated to phenolic ions. Hence according to this consideration, other mechanisms, such
as electromigration, cannot be considered the main transport mechanism.

In addition, it was found that the phenol was also removed from the kaolin; the total phenol removal after 24 h was
approximately of 13% (Fig. 2b); when the treatment was prolonged for 60 and 96 h, a slightly enhancement of the phenol
removal up to 16 and 21%, respectively, was observed (Fig. 2b). Thus, it is plausible to suggest that in addition to the
mechanical removal of phenol (movement), other mechanisms for the chemical degradation of phenol were involved in
the system under a low direct E of 0.25 V cm™". In particular, the removal of phenol can potentially occur at the anode,
by anodic oxidation of phenol, and in the kaolin particles. Indeed, according to the literature, during the ER treatment
at this very low electric field, the clay particles can act as microelectrodes and several chemical radicals (e.g., reactive
oxygen species ROS) on the kaolin particles surfaces are expected to be generated in situ.

It is relevant to highlight that the removal of phenol from kaolin might result also from volatilization. Over the
treatment time of 96 h, an almost constant current density of 0.100 + 0.015 mA cm~2 was observed; under such a low
E and treatment time, kaolin temperature fluctuation can be neglected (Luo et al., 2006; Baraud et al., 1999). However,
a control test was also done without the application of current, and no significant changes in phenol concentration and
kaolin water content (less than 4%) were observed after 96 h. Hence, it is plausible to confirm that in our approach the
removal of phenol due to the volatilization could be neglected.

These findings demonstrated that the electrokinetic remediation of kaolin contaminated by phenol under very low
strength E of 0.25 V cm™! could be a suitable way to simultaneously desorb, mobilize and in-situ degrade phenol from
kaolin. To optimize the process, a series of experiments was carried out with the aim to find the best operative conditions
that allow to reach high total phenol removal.
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Fig. 3. Effect of the nature of the electrode materials on the electrokinetic treatment of kaolin contaminated by phenol (C5,,,, = 200 mg/Kg). (a)
Plot of the Cpheno,/CShm, vs. S1, S2 and S3, which are the sampling position near to the anode, middle and cathode region (as described in detail in
Section 2.2), respectively, after 96 h. Cpheno,/C,‘,’hm, of 1 indicates the time zero of treatment: red dashed line (— — —). (b) Comparison of the effect
of the electrodes’ nature on the total phenol removal, R, after 96 h. Electrolyses was performed under direct E of 0.25 V cm~!. Compact graphite

(CG/CG), stainless steel electrodes (SS/SS) and DSA® and Platinum (DSA® /Pt) were used as anode and cathode, respectively. Approximately 66 g
of spiked kaolin with a W of 66%wt was treated in System I.

3.1.1. Effect of the nature of electrodes and electric field strength

The existing research shows that the nature of electrode material can significantly affect the removal efficiency of
pollutants during EK process (Gomez et al., 2009; Li et al., 2021; Méndez et al., 2012; Vazquez et al.,, 2004; Wang
et al.,, 2007; Xiao and Zhou, 2019). It is important to select a good electrode material, according the thermodynamic
and kinetic reactions carried out on their surfaces, that should ideally resist to the deposition of insoluble species as
well as to corrosion to increase its service life and to reduce the operating costs (Vocciante et al., 2021). According to
these considerations, a series of ER under a low strength direct E (0.25 V cm~!) was envisioned by testing other two
pairs of electrodes in addition to the compact graphite (CG/CG): stainless steel/stainless steel (SS/SS) and Ti/IrO,-Ta;0s
sheet/platinum plate (DSA® [Pt), which were used as anode and cathode (anode/cathode), respectively. ER treatments
were carried out for 96 h. Fig. 3 reports the effect of the nature of electrode material on the remediation of kaolin polluted
by phenol. In the case of SS/SS, a similar phenol distribution in the kaolin of the CG/CG configuration was observed; indeed,
the concentration of phenol increases by moving from S1 to S2 and S3 (Fig. 3a) (Cppenot/ Cf,’henol of approximately 0.6, 0.7 and
0.91in S1, S2 and S3, respectively). More in detail, the concentration of phenol was slightly higher in the region S1 and lower
in region S2 and S3 with respect the CG/CG system (Fig. 3a), resulting in a higher total phenol removal of approximately
29% (Fig. 3b). However, the usage of stainless steel (which is conductive material with high strength, good toughness, and
low cost (Wen et al., 2017)) as anode is prone to corrosion during the process and can release metal ions thus producing
secondary pollution problems (Vocciante et al., 2021). To eliminate the passivation phenomenon, increase electrode life
and promote the direct oxidation of the organic pollutants, among others, dimensionally stable anodes (DSA®) (often used
for wastewater treatment (Hao et al., 2022; Ltaief A.H et al., 2018; Martinez-Huitle et al., 2015; Scialdone et al., 2021))
have been tested as anode. In the case of DSA® |Pt, the same trend of the phenol distribution and a further reduction
of its concentration in each region of the kaolin was observed (Cphenor/ C,‘,’hem, of approximately 0.3, 0.5 and 0.6 in S1, S2
and S3, respectively), thus achieving a high total phenol removal of approximately 55% after 96 h (Fig. 3b). This is likely
to be due to the synergetic effect of the radical ions generated in the kaolin particles and the phenol direct oxidation
and with OH radicals produced at the anode. According to the literature, at these electrodes water oxidation gives rise to
adsorbed hydroxyl radicals (Eq. (4)) which can participate in the oxidation of organic compounds (Eq. (5)) or potentially
evolve towards the formation of chemisorbed oxygen (Eq. (6)) or oxygen evolution (Egs. (7) and (8)) (Martinez-Huitle
et al.,, 2015).

MOy 4+ H,0—MO,(eOH) + H' + e~ (4)
MO, (eOH) + Organics — H—MOy + H,0 + oxidation products (5
MO, (eOH)—>MO,,; +HT + e~ (6
(
(

— —

MOx1— MOy + 0.50, 7
MO, (eOH)—MOy + 0.50, + H" + e~ 8)

~—

Furthermore, the higher phenol removal in the case of DSA®/Pt configuration could be associated to its lower electrical
resistance with respect to the other two system (36.1, 21.4 and 15.24 ks2 for SS/SS, CG/CG and DSA® [Pt, respectively),
which probably speed up all the involved mechanisms due to the higher conductivity. The higher electrical resistance in
the case of SS/SS could be associated to the formation of an oxidative film on the anode surface during the process which
cover the active sites (checked by vision inspection at the end of the electrochemical treatment) since, according to the
literature, SS anodes suffer of passivation (Vocciante et al., 2021). In addition, it is worth to mention that the electrode
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Table 1
Effect of strength of direct E on the electrokinetic remediation of kaolin spiked with phenol and comparison with high relative E.
Entry System Electrolyte E Crhenol / Cohenol pH R EC
(Vem™) S1 S2 S3 S1 S2 S3 (%) (10~ kWh/Kg)
1 I - 0.25 0.49 0.92 0.96 34 52 7.8 21° 2.43
2 I - 0.15 0.31 0.71 0.74 3.2 48 5.5 41° 1.16
3 I - 0.05 0.47 0.56 0.46 4.1 43 44 51° 0.30
4 11 Deionized water 1.00 0.38 0.36 0.14 33 53 7.3 70° 24.0

“C,?hml = 200 mgphenol/Kg. Electrolyses were performed by using CG as anode and cathode materials over a 4-day period. Initial Cphenol/Cgh
Initial pH of 6.

566 g of spiked kaolin with a W of 66%wt was treated.

€100 g of spiked kaolin with a W of 66%wt was treated.

jof 1.

enol

material had a small impact on the kaolin pH (see SI, Figure S1), in line with previous studies (Li et al., 2021). Despite of
the good results achieved by using DSA®/Pt (which is probably the best solution in terms of both stability and energy
optimization) and SS/SS in terms of phenol removal, the use of graphite electrodes is much more interesting for the
applicative scale because it is inexpensive, has good electrical conductivity and does not require complex treatment with
respect to the other kind of electrodes (e.g., DSA® /Pt are more expensive materials or SS needs anti-corrosion treatment).

In line with these considerations, the effect of the strength of E on the removal of phenol was studied by using compact
graphite as electrode materials over 4-day period. It was observed that a reduction of the applied E allows to increase the
total removal of phenol from the kaolin (Table 1). An enhance of total phenol removal from 21 to 41 and 51% was reached
by moving from 0.25 to 0.15 and 0.05 V cm™! (Table 1), respectively. Furthermore, it was observed that the strength of
the E influenced the kaolin pH (Table 1). According to the literature, the positive effect of the decrease of the E can be
tentatively attributed to the fact that, at 0.25 V cm™', the current is likely to be carried in part by the kaolin particles
(thus allowing them to act as microelectrodes and to activate redox reactions at the diffuse-double layer interface) and in
part in the pore’s fluid (Acar et al., 1995). By decreasing the strength of E, the contribution of the ionic current in the fluid
pore is likely to be reduced in favor of the percentage of the current transported by the particles. This should enhance
the impact of redox reactions involved at the diffuse-double layer interface (Zanko et al., 2020), and, as a consequence,
increase the production of free radicals’ ions on kaolin particles responsible for the in-situ chemical oxidation of phenol.
However, it cannot be excluded that the performances of the process can benefit from the more uniform pH observed at
low cell potentials (Table 1).

In order to compare this approach under low-strength E values with the usual operative conditions of electrokinetic
(EK) treatment process, which uses two additional and external compartments, where electrodes and electrolytes are
placed (see System II, Material and methods Section), spiked kaolin was treated under 1 V cm~! over a period of 4 days,
using system II. This value of E was selected in line with the common operative conditions reported in the literature for this
kind of remediation technologies (EK) and deionized water was used as processing fluid in the electrolyte compartment.
In this case, 100 g of spiked kaolin with a moisture of 66%wt was treated. Under the adopted conditions, it was observed
that the distribution of the phenol in the regions S1, S2 and S3 (Table 1, entry 4) is opposite to the trends reported using
the other approach (Table 1, entries 1-3), after 4 days of treatment. Under 1V cm™", the highest normalized concentration
of phenol was observed in the region S1 close to the anode compartment (Cphem,/q‘}heno, of 0.38) and the lowest in S3 close
to the cathode one (Cphem,/Cgheno, of 0.14). In addition, aqueous electrolytes present in the external compartments was
analyzed. In the anode compartment no phenol was detected, while phenol was detected in the cathode compartment
already after 24 h. This results suggest that phenol was desorbed and transported by electroosmosis of pore fluid water
under the induce E towards the region S1 to S3 and then pass from the spiked kaolin to the cathode compartment. In
this case, the total removal of phenol from the spiked kaolin reached approximately 70% (Table 1, entry 4). Although the
higher total removal of phenol was observed under 1 V cm™!, this technology suffer of high energetic consumption per
kg of dried treated kaolin (compare Table 1, entries 1-4) and the generation of a secondary pollution effluent (electrolyte
was reached in phenol), which must be disposed of and treated as dangerous waste effluent, adding an expensive post-
treatment cost. Hence, it is possible to conclude that the use of low values of E allows to drastically reduces the energy
consumption of the treatment.

3.1.2. Effect of the presence of supporting electrolyte

Electrolytes commonly used in EK remediation are deionized water, NaCl, KH,PO,4, Na,SOy, citric acid, acetic acid, HNOs3,
NaOH (Song et al., 2018b; Yuan et al., 2013; Yusni and Tanaka, 2015). Generally, during an EK treatment, the addition
of some solutes (i.e NaCl, KH,POy4, Na,SO4, NaOH) to the electrolyte in the soil directly affects the performances of the
process (Cong et al.,, 2005). In this work, to study the influence of the nature of electrolytes on the ER’s performance of
kaolinite polluted with phenol, aqueous solution of sodium chloride (0.1 M NaCl) or sodium sulphate (0.1 M Na,SO,)
was used as electrolytes and added homogeneously into the kaolin. The same concentration of Na;SO, and NaCl was
selected to ensure the same amount of anions CI~ and SOfl’ into the spiked-kaolin. ER experiments were performed
using graphite electrodes inserted into the kaolin for 96 h under a low direct E of 0.15 V cm~! and compared with the
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Fig. 4. Effect of the presence of NaCl and Na,SO, in the contaminated kaolin on the electrochemical remediation of phenol (CJ,,, = 200 mg/Kg).
(a) Plot of the Cp,m.al/C,?henD, vs. S1, S2 and S3, which are the sampling position near to the anode, middle and cathode (as described in detail in
Section 2.2), respectively. Initial Cp,m,al/C,?henol of 1: red dashed line (— — —). (b) Comparison of the total phenol removal, R, after 96 h using

distillate water, NaCl and Na,SO, as electrolyte. Electrolyses was performed at 0.15 V cm~! 96 h. Compact graphite (CG/CG) were used as anode
and cathode materials, respectively. 66 g of spiked kaolin with a W of 66%wt was treated in System I.

electrolyses performed using water as electrolyte. In the case of NaCl, a constant distribution of phenol concentration in
the region S1, S2 and S3 of the kaolinite was observed (Cenenol/Ceno Of approximately 0.37, 0.37 and 0.42 in S1, S2 and S3,
respectively) (Fig. 4a) coupled with a total phenol removal of approximately 61% (Fig. 4b); thus, showing that the addition
of NaCl allows to significantly reduce the content of phenol in the region S1, S2 and S3 and to enhance the phenol removal
by approximately 1.5 times with respect to the usage of distillate water (Fig. 4). These results could be rationalized by
consider that, in the presence of NaCl and oxidative conditions, active chlorines could be produced at the anode (adsorbed
chloro and oxychloro radical) and at the surface of clay particles due the dissociation of NaCl (Egs. (9)-(11)) (Scialdone
et al.,, 2021) and contribute to the degradation of phenol.

201" —Cly + 2~ (9)
Cly(aq) + H,0—HCIO + CI™ + H* (10)
HCIO—ClO™ +HT (11)

According to the literature, the relative concentrations of Cl,, HCIO and CIO ~ depend on the pH (Cl, at pH < 3.0, HCIO
at 3 < pH < 8 and ClO- at pH > 8) (Scialdone et al., 2021). In the case of NaCl, the final pH values were 5.5, 7.4 and 7.5
in the region S1, S2 and S3, respectively (slightly higher of the distillate water electrolyte) (see SI, Figure S2). On overall,
phenol can be oxidized by various oxidants, such as, at the anode surface, adsorbed chloro and oxychloro radicals, and,
both at the anode surface and at particles surface, active chlorine, and various other ROS, including HOe, H;0, and 05,
produced by water oxidation.

Furthermore, the addition of a supporting electrolyte allows to slightly increase the conductibility of the kaolin due
to the free ions present in the clay, thus increasing the current density and, consequently, speeding up the degradation
process (an almost constant current density of 0.057 and 0.068 mA cm~2 was observed in absence and in presence of
NaCl, respectively).

According to the literature, in presence of Cl~, it was reported that chlorophenols can be generated (Hao et al., 2022);
however, in this work, chlorophenols were not detected at the end of the ER treatment.

When NaCl was replaced with Na;SOy, a further reduction of the content of phenol in the polluted kaolinite was
observed (Fig. 5a), thus resulting in a higher removal of phenol up to 81% after 96 h (Fig. 5b). To rationalize these results,
it is relevant to highlight the work of Choe et al. (2020). These authors proposed a catalytic cycle, wherein hydroxylic
radical OHe can migrate to and interact with the SOi’ functionality to produce, after some steps (Egs. (12)-(14)), SOze~,
which decomposes phenol (Eq. (15)). The resulting SO, may accept two electrons to regenerate the SOi‘ functionality
(Eq. (16)).

OH e +503™—S04e -~ OH (12)
SO4e -"OH + H* -S040~ -H,0 (13)
SO4e~-H,0—S0,0~+H,0 (14)
SO4e~ +phenol— mineralization + SO, (15)
SO, +2e——>S03~ (16)

According to these hypotheses, the highest performances in presence of Na;SO4 can be due to the formation in-situ of
SO4e~ which is characterized by an enlarged lifetime and strong oxidation potential along with selective oxidation of
pollutants, all of which are better than those of OHe (~30 s and 2.5-3.1 eV for SO4e-; ~10~2 s and ~2.7 eV for OHe).

9
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Fig. 5. Comparison of the applied E on the electrochemical remediation of kaolin contaminated by phenol over 4 days period: direct or sinusoidal
electric field. (a) Plot of the Cppenol /C,?hm, vs. S1, S2 and S3, which are the sampling position near to the anode, middle and cathode (as described
in detail in Section 2.2), respectively. Initial c,,hm,/cghm, of 1: red dashed line (— — —). Electrolyses was performed under a sinusoidal E (direct
E of 0.15 V cm~' coupled with a sinusoidal E of 0.005 < 0.25 V cm™! and f 20 Hz). Compact graphite (CG/CG) were used as anode and cathode
materials, respectively. Approximately 66 g of spiked kaolin with a W of 66%wt was treated in System I Direct E data reflect the results reported
in Table 1, entry 2. Sinusoidal E data reflect the results reported in Table 2, entry 6.

Also, in the case of Na,SO, a higher current density (0.070 mA cm~2) was recorded with respect to the test in absence of
supporting electrolyte, but similar with the one using NaCl, due to the higher conductivity of the contaminated kaolin.

In addition, according to Choe et al. (2020), the formation of persulfates from SOi’ is favored in acid media conditions
due to the role of H*. In this case, lower pH values of the contaminated kaolinite were observed at the end of the treatment
with respect to the other conditions previously reported (see SI, Figure S2); in detail, the pH values were approximately
3.2,4.7 and 5.5 in region S1, S2 and S3, respectively.

It is relevant to note that under these conditions, chlorinated or persulfates oxidants, which seem to contribute to the
phenol degradation, were in situ generated from cheap and non-toxic sources, limiting the operative costs, and improving
the sustainability of the process at applicative scale.

3.2. Electrochemical remediation of phenol under sinusoidal electric field

According to the literature, the type of the applied E can strongly affect the performances of the process. Some authors
have assumed that when, an alternate current is used, the diffuse-double layer acts as capacitor which charges and
discharges electricity at the frequency of the alternating current, thus amplifying the electric discharges of the double
layer (Zanko et al., 2020). Here, a series of experiments was performed with the aim to investigate the effect of the usage
of a direct E coupled with a sinusoidal E on the performances of the ER of the contaminated kaolin with phenol using
compact graphite as electrode materials. Table 2 reports the distribution of the normalized concentration of phenol into
kaolin sections and the total phenol removal at the end of the ER. First experiments were performed for 24 h (Table 2,
entries 1, 3, 5 and 7). It was shown that the usage a sinusoidal E, under all the adopted conditions, allows to reduce the
concentration of phenol (Cehenot/Clheny < 1 in all the cases, Table 2, entries 1, 3, 5 and 7) coupled with a total phenol
removal higher that 25% in each case after only 24 h. Thus, under all the adopted conditions, the usage of a sinusoidal E
can be a viable way for the ER of contaminated kaolin. In a second stage, to increase the performance of the process, some
selected experiments were performed for 4 days (96 h) (Table 2, entries 2, 4 and 6). It was observed that an increase of
the treatment time allows to reduce the Cphenol/C,E’heno, and consequently to enhance the total phenol removal in each case
(Table 2, entries 1 and 2, entries 3 and 4, entries 5 and 6). The total phenol removal was enhanced from approximately
37 to 65% after 24 and 96 h, respectively, under a direct E of 0.15 V cm™! coupled with a sinusoidal E of 0.005 = 0.25
Vem™! at a frequency (f) of 20 Hz (Table 2, entries 5 and 6). These results suggest that, in the case of sinusoidal E, the
decomposition mechanisms are the same involved when only direct E was used, but the usage of sinusoidal E allows
to speed up the process. In the current literature, up to our knowledge, this effect is not investigated in-depth for the
remediation of contaminated minerals, however, it was demonstrated the usage of a sinusoidal E allows for acceleration
of the remediation performance of the electrokinetic-phytoremediation process with respect to a constant direct E. An
example given the work of Xu et al. (2020). According to this work, the highest accumulation of Cd by Solanum nigrum
L. was observed under AC E, which was a very important reference for the electrokinetic condition (Xu et al., 2020).

According to these promising results, the effect of the nature of supporting electrolyte under a sinusoidal E was also
investigated using NaCl and Na,S0,. Electrolyses were performed under direct E of 0.15 V cm™~! coupled with a sinusoidal
E of 0.05 ~ 0.25 V cm™! f: 20 Hz for 96 h using compact graphite as electrode materials. In both cases, the addition of a
supporting electrolyte gave rise to a lower concentration of phenol in the kaolin coupled with a higher phenol removal
(Table 2, entries 2, 8 and 9). The total phenol removal was enhanced from 48 to 56% by adding NaCl into the kaolin
(Table 2, entries 2 and 8). Furthermore, the usage of Na,;SO4 coupled with a sinusoidal E allowed to reach a total phenol
removal of approximately 90% (Table 2, entry 9). This effect could be rationalized by assuming that the presence of a
sinusoidal E allows to accelerate the overall process (Eqs. (10)-(14)).
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Table 2
Effect of the direct E coupled with a sinusoidal E on the ER of kaolin contaminate by phenol.”
Entry Direct E Sinusoidal E Supporting electrolyte Time Crhenol / Cohenol R (%)
(Vem™) (h) S1 S2 S3
1 0.15 0.05 ~ 025 V cm™! - 24 0.69 0.76 0.69 28.3
f: 20 Hz
2 0.15 0.05 = 0.25 V cm™! - 96 0.61 0.58 0.35 48.5
f: 20 Hz
3 0.15 0.05 = 025 V cm™! - 24 0.69 0.71 0.72 29.3
f:30 Hz
4 0.15 0.05 =~ 0.25 V cm™! - 96 0.68 0.68 0.45 39.7
f:30 Hz
5 0.15 0.005 = 0.25 V cm™! - 24 0.79 0.62 0.48 36.8
f:20 Hz
6 0.15 0.005 = 0.25 V cm™! - 96 0.44 0.50 0.12 64.8
f: 20 Hz
7 0.15 0.005 = 0.25 V cm™! - 24 0.67 0.77 0.77 26.4
f: 30 Hz
8 0.15 0.05 = 025 V cm™! NacCl 96 0.45 0.48 0.37 56.2
f: 20 Hz
9 0.15 0.05 = 0.25 V cm™! Na,SO04 96 0.06 0.11 0.12 90.6
f:20 Hz
“Cf,’henal = 200 mgphenot/Kg. Electrolyses were performed by using CG as electrode materials. Initial CPhenul/Cgvhenaz()f 1. 66 g of spiked kaolin with a W

of 66%wt was used.

In order to directly compare the effect of the type of E on the performances of the ER of contaminated kaolin, Fig. 5
reports the results achieved by performing the ER under direct E of 0.15 V cm™! (Table 1, entry 2) and a direct E of
0.15 V cm™~! coupled with a sinusoidal E of 0.005 +~ 0.25 V cm™' at a frequency (f) of 20 Hz (Table 2, entry 6) using
compact graphite as electrode materials for 96 h. In the case of sinusoidal E, the normalized concentration of phenol in
the kaolin was higher in the section S1 and lower in S3 (Cphenot/Cpyeno Of approximately 0.44, 0.50 and 0.12 in S1, S2 and
S3, respectively) (Fig. 5a), showing an opposite trend to the distribution of phenol observed under only a direct E of 0.15
V cm™'. Moreover, under the adopted conditions, the total removal of phenol was improved of approximately 1.6 times
with respect to the results achieved with direct E (41 vs. 64.8% under direct E and sinusoidal E, respectively, Fig. 5b).
As already mentioned in previous sections, when E is applied to wet low permeability clay through inert electrodes,
electrolysis of pore fluid occurs at the electrodes: oxidation at the anode generates an acid front while reduction at the
cathode generates a base front. These acids and bases will advance through clay matrix and change the pH. The change
in kaolin pH will affect the sorption and dissociation of organics in particles and will exert significant impact on the
efficiency of electrokinetic treatment. Therefore, pH control is of significance for electrokinetic treatment. In the case of
a sinusoidal E, the kaolin pH did not appreciable change ranging between 5.6 and 6.2 (see SI, Figure S3); indeed, in the
literature it was reported that the usage of alternative current does not provoke pH soil changes (Acosta-Santoyo et al.,
2017; Xu et al,, 2020). Thus, this route can be a simpler solution under in situ condition with respect to the common
strategies reported in the literature, including the usage of conditioning agents or the reactor modifications, to control
the pH. According with these results, it is plausible to say that the usage of the sinusoidal E allows to accelerate each
single stage of the remediation process.

Finally, the relevant results reached in this work were compared with corresponding literature data reported for
electrochemical remediation of low permeability matrix contaminated by phenol (Table 3). Overall, the usage of low-
strength E values (see ECGO approach, Table 3, entries 11 and 12) allows to reach good removal efficiencies of phenol,
desorbing, mobilizing, also, degrading the phenol in-situ, without the generation of a secondary pollution liquid (expensive
post-treatment cost) and at lower energetic consumption.

4. Conclusions

In this work, the electrochemical remediation of contaminated kaolin was investigated using very low values of electric
field (E < 0.25 V cm™!) at the lab-scale. Phenol (200 mgppeno/Kg of dried kaolin) was selected as model hazardous organic
compound and kaolin as model low permeability clay. The effect of several factors on the performance of the process was
investigated and discussed in terms of the normalized phenol concentration (Cenenol/CJ,ene) @0 its total removal from the
kaolin.

Overall, the main finding is that the used approach can desorb, mobilize and, in addition to the common findings
reported in the literature, degrade the phenol by applying very low values of E, drastically reducing the energy
consumption of the treatment and without the generation of a secondary pollution liquid (due to the movement of the
phenol from the clay to a liquid phase), which must be disposed of and treated as dangerous waste effluent, adding an
expensive post-treatment cost.

More in detail, it was found that:
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Table 3
Comparison of electrochemical approaches for the remediation of low permeability matrix spiked by phenolic compounds.
Entry matrix Approach® Contaminant E Electrodes Time Chhenol R (%) References
(Vem™) (mg/Kg)
1 Kaolin EK Phenol 2.4-0.7 Graphite ~ 6 days 85-95 Acar et al.
(1992)

2 Sandy loam EK Phenol 1 Graphite 10 days 165 Only Luo et al.

mobilization  (2005)

3 Sandy loam in-situ-bio-EK Phenol 1 Graphite 10 days 180 58 Luo et al.
with polarity (2006)
reversal

4 Sandy loam EK Phenol 1 Graphite 6 days 200 <3* only Zhang et al.

mobilization  (2005)

5 Kaolin EK enhanced Phenol 1 Graphite 5 days 1000 90 Thepsithar and
with the Roberts (2006)
addition of
permanganate

7 Original soil  EK Phenol and 12 Graphite 140 min 1000 >70 Cong et al.

(35% Sand, 65% chlorophenols mg/L (2005)
Clay)
9 Kaolin (high  EK Phenol 1-1.5 Stainless steel 2 days 950 20 Shariatmadari
cation clay) and Falamaki
(2007)

10  Kaolin EK Phenol 1 Graphite 4 days 200 70 This work

11 Kaolin ECGO in Phenol 0.15 Graphite 4 days 200 80 This work
presence of
Na,S04

12 Kaolin ECGO in Phenol 0.05 = 0.25 V Graphite 4 days 200 90 This work
presence of cm~!

Na,S04 f: 20 Hz

2Deionized water was used as processing fluid.
*Evaluated by the authors according to the data contains in the related paper.

the higher the treatment time, the higher the phenol removal. For example, an increase of the treatment time from
24 to 96 h allows almost double the phenol removal under 0.25 V cm™';

the efficiency of the process strongly depends on the nature of the electrode: the highest performance in terms
of phenol removal was reached by using Pt/DSA® electrodes (~55% phenol removal) with respect to the usage of
compact graphite (~20% phenol removal) or stainless steel (~30% phenol removal) electrodes under 0.25 V cm™;
the usage of the sinusoidal E allows to accelerate each single stage of the remediation process under all the adopted
conditions; for example, the total removal of phenol under sinusoidal E was improved by approximately 1.6 times
with respect to the results achieved with direct E (41 vs. 64.8% under direct E (0.15 V cm™') and sinusoidal E (0.005
+0.25 Vcm~! and f 20 Hz), respectively);

the addition of a suitable supporting electrolyte could drastically affect the process performances by using both a
direct and a sinusoidal E. The highest removals of phenol up to approximately 80% and 90% from the kaolin under
both direct and sinusoidal E, respectively, were reached using compact graphite as electrodes in presence of Na;SO4

in the kaolin.
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