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ARTICLE INFO ABSTRACT

Keywords: Most studies on electrochemical remediation of soil/sediment focus on the removal efficiency of
Electrochemical Remediation one or more target organic contaminants without considering their evolution during the trans-
ECGO

formation and the possible release of other pollutants in the environment. In this study, the effect

LOVY electric ffeld of electrochemical remediation (ER) of spiked kaolin on the transformation of phenol (PhOH) into
Sediments/Soils . . B o
Phenol many potential byproducts was investigated under very low electric fields (E). ER under

Carboxylic acids 0.15 V cm™! was performed using cheap graphite electrodes in direct contact with the spiked

Co, kaolin with PhOH for 8, 24, 48, 96, 168 and 336 h. This study shows that the ER under low E
value is an appropriate approach to concurrently desorb, mobilize and in-situ remove PhOH up to
70 % after 14 days, and for the first time, that PhOH in spiked kaolin is converted into several
carboxylic acids (CAs), including maleic acid, formic acid and oxalic acids. They are simulta-
neously produced by PhOH oxidation and consumed by their following oxidation. Indeed, it was
observed that the TOC/TOC® value decreases significantly to 38 + 10 % after 14 days, thus
showing that an appreciable content of PhOH is converted to CO3 and water. This study points out
that the ER process under very low E values might be an in situ viable way to oxidize hazardous
organic contaminants into harmless compounds up to carbon dioxide and water without adding
enhancing agents and at low energy consumption.

1. Introduction

One of the last decade’s crucial priorities is environmental healthiness and agriculture preservation (EU, Soil Strategy for, 2023). In
2021, in the EU Soil Strategy for 2030 program agenda, the European Commission defined concrete actions by 2023 to remediate
contaminated sites and restore soils to achieve healthy soils by 2050 (EU, Soil Strategy for, 2023). Remediation of contaminated
soils/sediments is challenging since they are characterized by i) fine grains, ii) heterogeneous conditions, iii) low-hydraulic perme-
ability, and iv) miscellaneous persistent inorganic and organic contaminants (Li and Li, 2025). These pollutants are polychlorinated
biphenyl (PCB), polycyclic aromatic hydrocarbons (PAHs), hexachlorobenzene, total petroleum hydrocarbons (TPHs), phenolic
compounds, heavy metals (i.e. Hg, As, Pb, Cr, Zn) and radionuclides. They are usually highly concentrated, and sites require imminent
restoration. Phenolic compounds and, more in detail, phenol (PhOH) are distinctive toxic organic pollutants located in soil. They are
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Fig. 1. Type of DCTs for remediation of soils and sediments as a function of the E intensity.
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Fig. 2. Zoom area schematic view of the DTCs and the reaction mechanism in treating contaminated sites.

listed among the priority contaminants because they are hazardous to the ecosystem and human health, due to their toxicity and
recalcitrant nature (Annamalai et al., 2022; Barati Fardin and Jamshidi-Zanjani, 2025; Cui et al., 2006; Thepsithar and Roberts, 2006).
The conventional approaches to cleaning up these polluted sites include landfilling or incineration, which are expensive, disruptive
and unsustainable (Gomes et al., 2013). Conversely, when dredging or related strategies are used for environmental issues, the main
problem is only moved to other stages and not overcome (Amato et al., 2026, Perelo, 2010). Therefore, more cost-effective and less
invasive technologies are necessary (Perelo, 2010). In this context, in-situ technologies allow remediation without removing soil/-
sediment from the source sites but with unknown long-term effects (Libralato et al., 2018). In the last decade, thermal, electro-
chemical, ultrasonic, biological and physiochemical approaches have been investigated in detail (Annamalai et al., 2022; Li et al.,
2017; Lofrano et al., 2017; Mouli et al., 2004; Ossai et al., 2020). Among these routes, Direct Current Technologies (DCTs) are regarded
as among the i) most cost-effective, ii) sustainable, iii) environmentally friendly, iv) non-invasive and v) practical for both ex-situ and
in-situ approaches regarding other investigated strategies (Barati Fardin and Jamshidi-Zanjani, 2025; Proietto et al., 2023). DCTs are
based on electrochemical principles. During these treatments, a direct current passes through the wet soil/sediment by applying a cell
potential between electrodes placed in direct contact or nearby to the polluted site, inducing an electric field to it (E [=] V cm ™). DCTs
are classified into ElectroChemical Remediation Technologies (ECRTs E < 1 cm™ 1) and ElectroKinetics (EKs E > 1cm™ ) (Fig. 1)
(Mecllvride et al., 2003). ECRTs include induced complexation (which complexes metal pollutants) and ElectroChemical GeoOxidation
(ECGO; 0.0025 <E < 0.25V crn’l; which mineralizes organics) (Fig. 1) (Mcllvride et al., 2003).

Under these conditions, different mechanisms are mainly involved: i) electromigration (flow of charged species), ii) electroosmosis
(flow of pore water and contaminants), iii) electrophoresis (colloids’ movement) and iv) redox reaction on the soil/sediment’s particles
and/or at the electrodes, prompting the remediation of contaminated sites (Acar et al., 1995; Ferreira et al., 2020; Pamukcu, 2021;
Wittle et al., 2009; Zanko et al., 2020). Fig. 2 graphically shows a zoom-area schematic view of the DCTs and the mechanisms treating
contaminated sites.

In the case of ECGO, the routes of the involved redox reactions on the soil’s particles remain to be clarified. However, it was
empirically demonstrated that, using low E values, organics might be desorbed, mobilized and degraded in situ (Fan et al., 2015;
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Fig. 3. (A) System I: scheme of the electrochemical cell for treating the PhOH spiked kaolin equipped with plate compact graphite electrodes. S1
section is close to the anode, S2 the middle section and S3 section close to the cathode (Proietto et al., 2023). (B) System II: scheme of the gastight
electrochemical cell equipped with rod compact graphite electrodes.

Pamukcu, 2021; Proietto et al., 2023, 2024a, 2024b; Saini et al., 2021; Zanko et al., 2020). In particular, ECGO could induce the
mineralization of organics (Andreottola and Ferrarese, 2008; Ferreira et al., 2020; Fan et al., 2022) even if no significant proofs were
given, up to now, of this possibility. According to Rohrs et al. (2002) and Rahner et al. (2002), wet mineral would perform as a
diluted-electrochemical solid-bed reactor and each particle as “micro-conductors”. Under the induced E, polarized micro-conductors
perform as microelectrodes, which might promote redox reaction in the vicinity of the mineral’s particle. These give rise to the in situ
production of several oxidants and reducing agents (e.g. HOze, He, OHae, etc....) for the organics conversion (near the particles’
surface) (Ferrarese and Andreottola, 2007; Pamukcu, 2021; Rahner et al., 2002; Rohrs et al., 2002). In this frame, ECGO is expected to
self-generate oxidating and reducing agents (such as H as ion or radical and OH, HO; and their radicals, respectively) at the electrode
sites and within the pores and to give the energy necessary to active chemical reaction. Zanko et al. (2020) studied the ECGO treatment
of real sediments from Massachusetts polluted by PCBs, reaching a high reduction in concentration (close to 90 %) after 1900 days. Fan
et al. (2015) reported a TPH removal efficiency of approximately 22 % under 0.34 V cm™! after 80 days of electrochemical treatment
of a real contaminated soil. Under their operative conditions, the authors highlighted that the recorded reduction in the TPHs con-
centration can be rationalized in part by the electro-oxidation near the electrodes and in part by the redox reaction on or near the soil’s
particles (Fan et al., 2015). Saini et al. (2021) reported a reduction of TPHs of 37 % after 7 days under 0.6 V cm~! via ER of soil
dredged in Western Australia. Recently, Proietto et al. demonstrated that ECGO technology could be a suitable way to treat clay kaolin
or marine sediments for the in-situ removal of phenolic compounds (Proietto et al., 2023), saturated alkanes (Proietto et al., 2024a) or
PAHs (Proietto et al., 2024b) using E lower than 0.25V cm~! without the production of secondary effluents and at low energetic
consumption. The common findings of these researchers are that the usage of very low E values applied by placing electrodes directly
into the soils/sediments and without the use of expensive processing fluids can allow simultaneous desorb, transport and also degrade
in situ the organic contaminants, regardless of the nature of organics (i.e. PhOH, alkanes, PAHs) and treated soil/sediments (kaolin,
clay sand).

However, extra efforts are required to boost the applicative outlook of this tool for the remediation of organics-contaminated soils.
Most studies focus on the removal efficiency of one or more target organic contaminants without considering their evolution during the
transformation; thus, some of the most burning questions on this topic are: “Which are the byproducts? Are they more harmless than
the initial compounds, or are they more toxic pollutants released into the pore water during the process under low E values? Can ECGO
technology convert organic compounds into CO, and water?”. To our knowledge, no detailed studies exist on this soil/sediment
remediation framework under low E (i.e. less than 0.25 V cm™1). Many studies in the literature have described the transformation of
organics under EK conditions using enhancing agents, which must be disposed and treated properly, and relatively high E of
1-2V Cm’l, which causes high energetic consumption (EC) (Guedes et al., 2019; Magbool and Jiang 2023; Yuan et al. 2016; Song et al.
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2018). However, in these studies, there is no evidence that, in absence of microorganism, organics were mineralized into COs in clay
(Fan et al., 2022, 2025). If very little knowledge is available for the degradation path of organics in soils and sediments treated by
electrochemical methods, the reaction mechanism for the electrochemical oxidation of PhOH and, more generally, of phenolic
compounds in water was studied in detail. According to the literature, PhOHs are oxidized first into quinones and/or maleic acid, then
to light organics compounds (such as carboxylic acids (CAs)) up to CO and water in aqueous electrolyte (Scialdone et al., 2021). In this
context, we decided to carry out a systematic work aimed to investigate the effect of ECGO on the transformation of PhOH in many
potential byproducts, such as hydroquinone, CAs and CO, in spiked kaolin using 0.15 V cm ™ for 8, 24, 48, 96, 168 and 336 h.

2. Materials and methods
2.1. Chemicals

PhOH, supplied by Merck (99 % purity CAS 108-95-2), was used as a model hazardous organic pollutant. Bi-distillate water was
used as a solvent. Acetonitrile (CAS 75-05-8) and water HPLC grade (CAS 7732-18-5) were purchased from Sigma Aldrich and used
for extraction and the analytical apparatus. Compact graphite, supplied by Carlo Erba Reagents, was selected as electrode material.

2.2. Electrochemical treatments and spiked-kaolin

Kaolin was selected as a low permeability, low-buffering, reproducible clay mineral model. Kaolin is a hydrate aluminum silicate
material (Al;SipO5(OH)4, CAS 1332-58-7) supplied by Sigma-Aldrich. Kaolin is a fine powder (white/light yellow) with a particle size
distribution of 0.1 and 4 ym when dried (Al-Shahrani and Roberts, 2005). Before being spiked, to remove moisture, kaolin was
pretreated by placing 100 g in a Pyrex horizontal vessel in an oven at 105°C for 24 h. Subsequently, kaolin was spiked with PhOH to
reach 200 mgphoy per kg of dried kaolin (mgphon kg_l) and a water content (W) of approximately 66 %. More in detail, to obtain 100 g
of contaminated kaolin, 60 g of dried kaolin was mixed with 40 mL of 3.2 mM of PhOH water solution. The spiked kaolin was
equilibrated using a horizontal shaker (speed rate 200 rpm) for 24 h and a constant temperature of 20°C (Safwat et al., 2019). Prior
works stated that the kaolin adsorption capacity of the PhOH is between 300 (Safwat et al., 2019) and 1000 mgpnoy kg ™+ (Acar et al.,
1992). At a concentration of PhOH lower than this range, the PhOH removal requires its desorption from the kaolinite into the pore
water and its migration towards the electrodes (Acar et al., 1992; Safwat et al., 2019). In the present study, the PhOH initial con-
centration was fixed at 200 mgppopn kg’l, which is less than the saturated sorption content.

The electrochemical cell was previously described in detail by Proietto et al. (2023). Briefly, Fig. 3 reports a schematic view of the
homemade Plexiglass® cell with a total empty volume of 60 mL (Fig. 3A) and a scheme of the gastight cell equipped with rod graphite
electrode (Fig. 3B). Two compact graphite electrodes of an active area of 3 cm? were directly inserted into the clay at a distance of
10 cm (Fig. 3A). Contaminated wet kaolin was placed inside the cell by layer, pressed down step by step using a Plexiglass pestle, and
vibrated to minimize the void space. 50 g of spiked kaolin was inserted into the cell to be treated (Fig. 3A).

Then, before the electrolysis, a sample of spiked kaolin was taken in duplicate to determine: (i) the real initial PhOH concentration
(cgho,,); (ii) the pH of the spiked kaolin; and (iii) the water content (W). This preliminary analysis allowed to avoid the standard
deviations due to volatilization of an amount of the charged PhOH and water during the preparation. After preparing the experiment,
the cell was sealed with a proper cap in Plexiglass to prevent water evaporation from the sediment bed.

Graphite electrodes were placed in contact with the spiked kaolin (Fig. 3), avoiding any physical barrier and extra electrical
resistance. The use of graphite is appealing from an applicative scale since it is eco-friendly, cost-effective, and guarantees good
electrical conductivity (Proietto et al., 2023, 2024a).

Electrolyses were performed inducing a constant E of 0.15 V cem ! using an Amel 2549 potentiostat over 8, 24, 48, 96, 168 and
336 h at ambient temperature. Each experiment was carried out in duplicate, and the main results are reported with standard de-
viations. This allowed to ensure data reproducibility. Preliminary control tests were conducted without the E application.

After each remediation run, portions of treated sediments were collected to determine the residual PhOH concentration, kaolin pH,
W, CAs, and total organic carbon (TOC) in the pore water. The sampling sections S1, S2 and S3 are represented in Fig. 3. These sections
are the sampling positions near the anode, middle and cathode.

2.3. Analytical methods

Pure water HPLC grade was used to extract PhOH from the kaolin samples. Approximately 3.0 + 0.03 g of the well-mixed treated
kaolin sample was mixed with 12 g of water HPLC grade (ratio soil:water was 1:4 according to ref. Fan et al. (2025)) in a Teflon-sealed
glass vial, i) homogenized with a vigorous vortex ARGOlab supplied by GIORGIO BORMAC for 10 min, ii) extracted by sonication
(FALC ultrasonic bath) for 30 min and iii) centrifugated using a centrifuge NEYA 16 at 4500 rpm for 35 min. Then, the supernatant was
filtered through 0.22 ym Nylon membrane and analyzed using TOC and HPLC analysis. Analyses of all samples were performed in
duplicate, and the reported results are the averages of the replicates. To ensure that the PhOH as well as other organic byproducts were
extracted completely, each kaolin sample was extracted three times.

PhOH and hydroquinone concentrations were estimated using HPLC analysis. An Agilent 1260 fitted with a Kinetex 5 pm C18
column 100 A 150 * 4.6 mm (Phenomenex) was used. UV detector wavelength was fixed at 214 nm. The mobile phase was water HPLC
grade and acetonitrile HPLC grade flowed at 25°C into the column at 1 mL min~'. A gradient type of elution was used: i) 0 min 20/
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80 %yol/vol acetonitrile/water; ii) 5 min 95/5 %yl vol acetonitrile/water. Calibrations to determine PhOH and hydroquinone con-
centrations were built using analytical standards of PhOH (purity > 99 %, Merck, CAS 108-95-2) (retention time (RT) of 3.8 min) and
hydroquinone (purity > 99 %, Sigma-Aldrich, CAS 123-31-9) (RT = 1.9 min). CAs were estimated by HPLC Infinity 1260 equipped
with a Luna Omega 3pm Polar C18 column (Phenomenex) coupled with a UV detector working at 210 nm. A 100 mM KH,PO4 aqueous
solution (HPLC grade) at pH 2.5 (adjusted H3PO,4) was used as a mobile phase at 1 mL min~! at 25 C°. Calibration curves of the
following CAs were performed: oxalic acid (OA, CAS 144-62-7) (RT = 2.67 min); L-(4)-tartaric acid (CAS 87-69-4) (RT = 3.25 min);
formic acid (FA, CAS 64-18-6) (RT = 3.55 min); L-(-)-malic acid (CAS 97-67-6) (RT = 4.37 min); acetic acid (CAS 64-19-7) (RT =
5.85 min); maleic acid (MA, CAS 110-16-7) (RT = 7.26 min); citric acid (CAS 77-92-9) (RT = 8.7 min); and, fumaric acid (CAS
110-17-8) (RT = 9.4 min). All CAs have high purity at least of 99 % supplied from Sigma Aldrich. The content of CAs (mg L) was
normalized and obtained as mg; cas per kg of dried kaolin (where i- is one of the CAs detected).

The pore water’s total organic carbon (TOC) was evaluated by analyzing the surfactant solution using a TOC-L CSH/CSN analyzer
Shimadzu. The TOC data in mg¢ L' were normalized with respect to the kg of dried kaolin. The initial TOC content in the pore water
(TOC?) was approximately 153 =+ 5 mgc kgL

pH in all the sections was measured using a ratio kaolin:water of 1:2.5 with a Checker® pH Tester HANNA® instrument after 6 h of
equilibration using a horizontal shaker at 200 rpm. The initial pH of the spiked kaolin was approximately 5.75 + 0.25.

The water content (W), which is namely the moisture of the sediment, was determined according to the NF P 94-050 method
following the calculation in (Eq. (1)):

W= (Wevaporated wuter)/ Wiried—sample = (Wmoist—sample - Wd.ried—sample) / Waried—sample * 100 [:] % (1)

Where Weyqporated water is the mass of the evaporated water, instead Winoist—sample; aNd Waried—sampte represent the mass (g) of the wet and dry
sample, respectively.

Normalized PhOH concentration was used to evaluate any modification of the PhOH content in the kaolin. This normalized
concentration (Cppon/ CghOH) is calculated as the ratio of the PhOH concentration at the end of the experiment (Cppor / mMgphou kg*1 of
dry kaolin) to the initial concentration (CghOH / MgphoH kg*1 of dry kaolin). The CghOH in the kaolin was obtained before starting each
electrochemical treatment at zero time by collecting 3.00 + 0.03 g of spiked kaolin from regions S1, S2 and S3 in Fig. 3 and analyzing
them as previously described. The comparison between the values of C5;,; in S1, S2 and S3 allowed to check the homogeneous
distribution of PhOH along the kaolin inside the cell. In all the cases, the C3,; Was approximately to the fixed value of 200

+ 10 mgpnon kg .

Furthermore, the efficiency of the total PhOH removal (Rppoy) Was adopted as a figure of merit to evaluate the percentage of
residual PhOH in the entire amount of spiked kaolin at the end of each experimental run with respect to its initial content. Rppop was
computed by Eq. (2).

Rpnon = (W(I)’hOH - W’;%E)/WghOH *100 = Z (1- CPhOH/C(F)’hOH) l./3) %100 [=] % (2

n=51,52,83

Where wS, ,,; is the initial mass (mg) of PhOH while wk®!? represents the mass (mg) of PhOH retained by the entire amount of kaolin in
the cell at the end of each test.
Energetic consumption (EC) was computed by Eq. (3):

EC=AVIt/w [=]kWhKg™ 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).

To estimate the amount of CAs in each section, it was assumed that the sample analysis refers to each section of approximately 16 g
of spiked kaolin at a W of 66 %.

For each test, at least two spiked kaolin samples of 3.00 + 0.03 g each were taken from S1, S2 and S3 of the cell and analyzed for the
quantification of the water content (W), pH, PhOH, TOC content and CAs. W of the samples was also calculated in the S1, S2 and S3
after the treatment to estimate the residual Cppoy expressed as the amount of PhOH (mgphon) with respect to the dried kaolin (kg),
residual TOC as mgc per kg of kaolin and CAs content as mg;.cas per kg of kaolin, because, under the applied E of 0.15 V cm™}, it is
expected a water movement from the section close to the anode (S1) towards the section close to the cathode (S3) changing the final
water content values. All characterization analyses were conducted three times and the main results were reported.

Once each experiment was carried out, the mass balance of the PhOH in the electrochemical cell was checked.

When control tests were performed without inducing an E, 93-97 % of the initial PhOH was recuperated.

To detect the CO- in the gaseous phase an Agilent 7890B Gas Chromatography equipped with Supelco Carboxen® 60/80 column
coupled with a TCD detector was used. A GasTight Hamilton syringe was used to inject the gas sample on the GC injector. Gas analysis
was carried out selecting the following parameters: i) inlet temperature 120°C, ii) TCD temperature at 275°C, iii) helium (99.999 %,
Air Liquide, CAS 7440-59-7) at 30 mL min~! and 1 bar as the carrier gas, iii) column temperature was set at 35°C for 5 min, followed
by a20°C min~? ramp up to 225°C and by an isothermal step at 225°C for 10 min. The retention time of Oy (CAS 7782-44-7), N (CAS
7727-37-9) and CO, (CAS 124-38-9) was 8.7, 9.1 and 18.8 min, respectively.
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Fig. 4. Effect of the time on the electrochemical treatment of kaolin contaminated by PhOH (CJ;o;= 200 mg kg™ 1). (A) Plot of the Cprow/Copoy in
sections S1, S2 and S3, (B) total Rpyoy and (C) pH in sections S1, S2 and S3 vs. time. Electrolyses were performed using system I at 0.15 V cm ™! for
8, 24, 48, 96, 168 and 336 h. Cphenot/Copenot Of 1 indicates the time zero of treatment: black dashed line (— — —).

3. Results and discussion
3.1. Electrochemical remediation of PhOH-contaminated kaolin under low E value

3.1.1. Effect of the time on PhOH removal

A first series of experiments was planned to study the effect of the treatment time on the electrochemical remediation of PhOH
spiked kaolin (C3,,y; of 200 mg kg2, W of 66 %) under very low E value of 0.15 V cm ™! using compact graphite electrodes. Fig. 4
reports the distribution of Cproy/ cﬁ’,hOH in the sections S1, S2 and S3 of the spiked kaolin (Fig. 4A) and the total removal of PhOH from
kaolin (Rphon) (Fig. 4B) at the beginning and after 8, 24, 48, 96, 168 and 336 h of treatment (i.e. 8 h, 1, 2, 4, 7 and 14 days). At the time
zero, Cpnon/Conoy  Were approximately 1 4 0.05 in sections S1, S2 and S3 (Fig. 4A, Cppon/Conoyr  ~ 1 refers to the dashed line),
showing that PhOH was homogenously distributed in the cell. In the first stages of the electrochemical treatment, the reduction of the
PhOH content took place mainly in the section S1. In contrast, in the second part of the experiments, a relevant removal of PhOH was
observed in all the sections. In particular, after 8 h, a slight change in the PhOH distribution was observed; in detail, the Cpyon/ CghOH
was lower than 1 in the section S1 and close to 1 in the other two sections (Fig. 4A; Cpron/ CghOH was 0.72, 0.99 and 1.01 in S1, S2 and
S3, respectively). This change in distribution was coupled with a total Rphoy of approximately 8 % (Fig. 4B).

When the electrochemical treatments were prolonged for 24 h, the distribution of Cppon/ CghOH in the kaolin bed was 0.71, 0.99
and 0.75in S1, S2 and S3, respectively (Fig. 4A), which was coupled with a slight increase of the total Rpnoy to approximately 18 %. In
this case, PhOH was accumulated in the middle zone of the cell (section S2). Relevant changes in PhOH distribution were observed
when the electrolysis treatment was performed for 48, 96 and 168 h. In all of these cases, the Cprop/Copop Values were lower than 1 in
all the sections (e.g. Cphon/ CghOH was 0.78, 0.77 and 0.57 after 48 h in S1, S2 and S3, respectively, Fig. 4A). In particular, at 96 and
168 h, the Cppon/ CghOH increases by moving from S1 to S2 and S3 (Cpnon/ C?,hOH was 0.52, 0.72 and 0.70 after 96 h and in S1, S2 and S3,
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Fig. 5. Effect of the time on the CAs (sub-product) obtained during electrochemical treatment of kaolin contaminated by PhOH (CY,,n=
200 mg kg’l). Plot of (A) the distribution of the total CAs in the sections S1, S2 and S3 and (B) MA, OA, FA and the total CAs during the treatment.
Electrolyses were performed using system I at 0.15 V cm™! for 8, 24, 48, 96, 168 and 336 h.

respectively, Fig. 4A) reaching a total Rppoy of approximately 36 and 54 % after 96 and 168 h, respectively. A further enhancement of
the Rppop up to 71 % was achieved after 336 h (14 days) (Fig. 4) with a drastic reduction of the PhOH content in all the sections
(Cpnon/ CghOH was 0.20, 0.33, 0.34 in S1, S2 and S3, respectively). This removal was coupled with a low energetic consumption (EC) of
approximately 0.95 1073 kWh Kg_1 after 336 h (see Supplementary Material, Figure S1)), which is drastically lower than the one
reported in the literature for the EK treating of spiked kaolin of PhOH under 1 V em ™! of approximately 24 10~ kWh Kg~! coupled
with similar PhOH removal of approximately 70 % after 96 h (Proietto et al., 2023).

The initial pH of the kaolin was evaluated to be approximately 5.5-6. During the electrolysis, the pH changes: it decreases near the
anode (S1) and increases near the cathode (S3) (Fig. 4C). This behaviour is in line with the literature, the change in pH under the
adopted conditions is attributed to the electrolysis of pore water that occurs at the electrodes since the applied cell potential is suf-
ficient to activate the water electrolysis (Henrique et al., 2022). Water oxidation produces H™ at the anode, while water reduction
generates OH" at the cathode (Henrique et al., 2022).

These results can be rationalized by taking into account the considerations summarized below.

During the electrochemical treatment of contaminated sites, the wet kaolin is subjected to an induced E, which gives rise to the
transport of ions, water and contaminants through the low hydraulic permeability mineral due mainly to electroosmosis and elec-
tromigration. Hence, these mechanisms might aid the pollutants’ transportation (changing the distribution in the bed kaolin) (Reddy
and Cameselle, 2009). It worth to note that, although kaolin particles are negatively charged and electrophoretic transport would be
possible, according to the literature the migration of charged colloids occurs significantly in soil-liquid mixtures but it is limited for a
compact system, like in the our work, since the solid phase is restrained from movement (Fernandez et al., 2009; Yu and Neretnieks,
1996,1997). More in detail, electroosmosis flow moves pore water and contaminants from the anode towards the cathode side. In our
case, the electroosmosis flow is expected to be involved, since we observed an accumulation of pore water in section S3 (high W
content in S3, see Supplementary Material, Figure S2) and high PhOH concentration nearly the cathode in most of cases (Fig. 4A,
section S3). Moreover, electromigration of PhOH was considered not very relevant since, in all the cases, the pH value of kaolin was
lower than the pKa of the PhOH (pKa = 9.98); hence, the PhOH cannot be present in dissociated form as phenolic ion.

A total Rppoy higher than zero (Rppon > 0 %), which increases with time, indicates that PhOH conversion into other chemicals
takes place in the spiked mineral in addition to the electroosmosis transport. According to the literature, PhOH might be oxidized at
both the surface of the anode and near the particle surface due to the in-situ redox reaction by chemical radicals electrogenerated in-
situ when a low E value is applied to a low permeability kaolin bed (such as hydroxyl radicals (OH-)) (Andreottola and Ferrarese, 2008;
Ferrarese and Andreottola, 2007). In addition, in the presence of dissolved oxygen in pore water close to the cathode area (section S3),
oxygen is expected to be reduced at the graphite electrode into hydrogen peroxide, an oxidant agent that, according to the literature,
aids the conversion of PhOH.

Overall, these findings show that the ER under low E value using cheap graphite electrodes in direct contact with the kaolin is a
suitable approach to desorb, mobilize and in situ remove PhOH simultaneously; indeed, its removal increases with time up to 70 %
after 14 days without adding enhancing agents and under very low E values.

3.1.2. Investigation of byproducts: carboxylic acids

The current literature focuses on the removal efficiency of target organic contaminants without considering their evolution during
the transformation; however, according to the literature, the oxidation of PhOH in aqueous solutions involves several stages with the
formation of quinones and several CAs. Hence, according to these considerations, a series of analyses was performed with the aim to
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Fig. 6. Simplified reaction pathways of the PhOH mineralization in aqueous medium.

check the presence of quinones and CAs. Fig. 5 reports the distribution of the total CAs detected in the spiked kaolin in the sections S1,
S2 and S3 (Fig. 5A) and the total amount of CAs in the kaolin (Fig. 5B) during the treatment time. After 8 h, a small amount of CAs was
observed in the different sections of treated kaolin (Fig. 5A). When the treatment time was prolonged for 24, 48 and 96 h, a further
enhancement of the CAs concentration in each section was observed (Fig. 5A). Overall, the total CAs concentration increases with time
reaching a maximum value after 96 h (Fig. 5B). A further increase of the treatment time up to 168 h shows a reduction in each section
S1, S2 and S3 of the CAs (Fig. 5A: e.g. 142, 90 and 30 mg kg~ after 96 hvs. 72, 78 and 17 mg kg ™! after 168 h in section S1, S2 and S3,
respectively) reaching a total CAs of approximately 55 mg kg~ * (Fig. 5B). A further enhancement of treatment time up to 336 h shows
a reduction in the total CAs concentration (of roughly 28 mg kg™!) (Fig. 5B). These results can be attributed to the fact that CAs are
simultaneously produced by PhOH oxidation and consumed by their following oxidation: in-situ generation and accumulation of CAs
prevail in the first treatment stage when a high concentration of PhOH is present, while CAs content decreases in the second part of the
experiments when a low PhOH content is coupled with a relatively high concentration of CAs. Among the CAs investigated, maleic acid
(MA), oxalic acid (OA), and formic acid (FA) were the compounds with a higher concentration (Fig. 5B). In particular, the CAs
concentrations present a trend with a maximum reached at 48 and 96 h for MA and OA or FA, respectively (Fig. 5B). More in details, a
higher content of CAs was generally observed in section S1 (Fig. 5A). This could be attributed to both i) the higher oxidation rate
occurring at the anode surface and ii) the movement of CAs under the influence of the E. Based on the pH trends of kaolin during the
treatment (Fig. 4C), the detected CAs (MA, FA and OA) are expected to be present predominantly in their anionic forms (pKa pa = 3.96;
pKaj oa = 1.25 pKay oa = 4.25; pKa; MA = 1.9; pKay ma = 6.2). Consequently, once formed within the kaolin bed, the anionic species
are likely to be transport towards the positive electrode mainly via electromigration, thereby accounting the higher CAs content
observed in section S1.

This trend suggests that the reaction mechanism of the PhOH removal in spiked kaolin involves several stages, including first the
conversion of PhOH into MA and then its evolution into OA and FA. This behaviour is entirely in line with the reaction mechanism
proposed for the degradation of PhOH in aqueous solutions (Devi and Rajashekhar, 2011; Li et al., 2005; Scialdone et al., 2021), which
highlights the formation of all the CAs detected (MA, FA and OA). Fig. 6 reports a simplified PhOH degradation pathway often reported
in the literature for the electrochemical oxidation of PhOH in water solutions. According to this scheme, PhOH is converted into a
miscellaneous of hydroquinone and MA in the early stage of the degradation process, then into OA and FA up to CO, and water. In this
work, hydroquinone was not detected at least within our lower detection limit of approximately 0.05 mg Kg~!. Hence, according to all
these considerations, it is plausible to affirm that, under the adopted conditions, the main pathway for the PhOH removal from spiked
kaolin involves the PhOH aromatic ring is open into MA in the first stage of the treatment and lastly into FA or/and OA (Fig. 6). In this
framework, it worth to highlight that the transformation of PhOH into CAs (such as FA and OA) is positive from the environmental
point of view, since these compounds have a lower environmental impact. Indeed, the Predicted No-Effect Concentration (PNEC) of the
FA is significantly higher than the PhOH one (PNEC: 1.5 mg Kg~! for FA and 0.136 mg Kg~! for PhOH) according to the REACH
Regulation ((EC) No. 1907/2006). However, in order to realize a feasible process from an applicative point of view, it would be
mandatory to decrease their concentrations in the soil, by a higher conversion in CO,. Hence, in the future, it will be necessary to
extend this research to more prolonged and scaled-up systems.
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Fig. 7. Plot of ratio amount of PhOH, CAs or PhOH+CAs (TotalOC) mass with respect to the initial content of PhOH in mass (%) and the
normalized TOC (TOC/TOC°(%)) vs. time as a result of the electrochemical treatment of kaolin contaminated by PhOH (CghOH: 200 mg kg’l).
Electrolyses were performed using system I at 0.15V cm ™! for 8, 24, 48, 96, 168 and 336 h.

3.2. Mass balance recovery and total organic carbon

Fig. 7 reports the ratio between the amount of PhOH or CAs and the initial amount of PhOH in terms of mass percentage (%w, w).
While the amount of PhOH decreases monotonically over time, reaching approximately 22 % after 336 h, CAs exhibited a curve with a
maximum value of approximately 44 % at 96 h (Fig. 7). A noteworthy picture was observed for the ratio between the sum of PhOH and
CAs and the initial content of PhOH (%), referred to as TotalOC (Fig. 7) and for the total normalized TOC/TOC® (Fig. 7). The
TotalOC presents a quite high value in the initial part of experiments, averaging around 90 + 8 % up to 96 h of treatment (Fig. 7).
However, a further increase of the treatment time up to 168 and 336 h (7 and 14 days, respectively) leads to lower values of TotalOC of
approximately 65 + 9.5 and 40 + 4 %, respectively (Fig. 7). A similar trend is observed for TOC/TOC® over time. Indeed, the TOC/
TOC® value is almost constant and close to an average value of 89 + 6 % up to 96 h, and decreases significantly in the second part of the
experiments giving rise to approximately 60 + 10 and 38 + 10 % after 168 and 336 h, respectively, thus showing that an appreciable
part of PhOH is converted to CO, and water and confirming that the reaction scheme reported in Fig. 6 can be applied for the elec-
trochemical treatment of PhOH in soils at low E. In particular, it is seen that the data for TotalOC and TOC/TOC" are almost equivalent
(Fig. 7), thus showing that PhOH is almost totally converted only in CAs and CO». In our electrochemical setup, the estimation of CO; to
full close the carbon mass balance is not feasible; therefore, to verify the transformation of PhOH into CO», an ad hoc experiment to
treat PhOH spiked kaolin in a gas-tight electrochemical cell (system II, Fig. 3B) was performed under an applied E of 0.15 V em™L In
this test, gas-phase samples were collected from headspace of the cell at 0, 24, 48 and 336 h using a gastight syringe through a
pierceable septum. To avoid compromising the integrity of the gaseous atmosphere, no PhOH analysis was performed during the
treatment. CO5 was detected as early as 24 h, and its concentration continued to increase for all the experiment. It should be noted that
these results confirm the conversion into CO, during the spiked-kaolin treatment under the adopted conditions using the ad-hoc setup
(system II), although they do not allow to achieve a full closure of the carbon mass balance for treatment performed with the system I.

4. Conclusions

Most studies on soil/sediment electrochemical remediation focus on the removal efficiency of one or more target organic con-
taminants without considering their transformation and the possible release of other pollutants in the environment. In particular, it
was proposed that organics in soils may be potentially mineralized by electrochemical methods, but no experimental evidence was
given up to now. In this context, the study aimed to investigate the effect of ECGO on the removal of PhOH and on the generation of
many potential byproducts, such as CAs, using cheap graphite electrodes in direct contact with the spiked kaolin at 0.15 V cm ™! for 8,
24, 48, 96, 168 and 336 h. Overall, this study confirms that the ECGO under low E value is a suitable approach to simultaneously
desorb, mobilize and remove in-situ PhOH (up to 70 %). Moreover, the study demonstrates for the first time that several CAs are
generated in-situ and that organics can be converted into CO, and water. More in detail, under the adopted conditions, the main
pathway for the PhOH removal from spiked kaolin involves in the first stage of the treatment the opening of the PhOH aromatic ring
with the generation of MA, in the second stage its conversion in FA or/and OA and, in the last stages, their mineralization.

Contaminated real soils and sediments present a mixture of contaminants and ions, which can significantly affect the process’
performance and the generation of other contaminants’ derivates; hence, based on the results reached by this investigation, it will be
necessary in future researches to focus on the electroremediation of soils/sediments characterized by the presence of various ions and/
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or a mixture of contaminants.
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